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ABSTRACT

(Distributin Limitation Statement No. 2)

A new experimental technique was developed for detevvining loading and unloading
stress-volume paths directly from gage measurements; theoretical models were
fanwlated for stress relaxatiou and the Bauschinger effect; Ht~aiot informa-
tion was generated from impact experiment& vu. a1ixnaum alloys, titanium alloys,
and a woven quarts-henolic; and the new experimental technique ad Bau.stingaz
calculations were applied to the aluminum alloys. The new experimental technique
provides for measurement of complete loading and unloading paths (in r' stress-
particle velocity and stress-voltne planes) rather than the discrete HI..onlot or
release points previously obtained. The technique is applicable to the examina-
tion of nonsteady-state, nonisentropic flow, yield point phenomena, strain- I
hardening, the Bauschinger effect and strain-rate (or stress-relaxation) effects.
The technique is based on the entire stress or particle-velocity records obtained
from a series of gages embedded in a specimen. Four stress relaxation models
vere Isplemented in the SRI PUFF wave propagation co !s, and computations were
made to obtain representative results. Criteria were suggested for selecting a
model based on the precursor attenuation and separaton of precursor and main
wave. The Bauschinger model implemented in the SRI PUFF code exhibits the |
smooth unloading adiabat and high rarefaction velocity observed in our experi- I
mats on 6061-T6 and 2024-T8 aluminum alloys. The marked differences between
the wave shapes and attenuation rate from the Bause-hinger model and those
obtained with the usual elastic-plastic model makes use of the Bauschinger
model imperative if unloading and attenuation are of interest. Experiments with
TI-50A, Ti-6A1-4V, and Ti-3Cr-V-3A titnir served to map Hugoniots from 15
to 750 kbar, indicate Hugoniot elastic limits, and show an alpha 0 omega phase
transformation at 50 kbar in Type 50A. Preliminary experiments on a three-
dmmesonal woven quartz phenolic resulted in Hugoniot data from 10 to 200 kbar
sad Indicated a shock-wave structure that 4s very different from t0.t observed
u haosmgnus solids.
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SECTION I

INTRODUCTION

1. Scope

~The gross features of shock WAve propagation in solids appear to be

ufairly well understood. These features generally include an elastic
precursor, a main (or plastic) shock wave, and a rarefaction or unloading

wave. The simplest and most commo model incorporating these effects is

the model of ideal platiclty. For preclie quiuitit.at e *rediction of

these waves, however, theoretical calculations based on the model

of ideal plasticity are inadequate. The behavior of real materials is

modified by stress-relaxation (time-dependent) effects, Bauschinger

effect (difference in load and unload response), a nonlinear transition

from elastic to plastic behavior, strain or work hardening, etc. (These

terms are explained more fully later in this chapter.) Each of these

effects is important for some materials. Each leaves its iuprint on

some portion of the wave profile and leads to a modification of the

attenuation of a short-duration shock pulse.

The main obj ztive of the present program was to develop methods

for characterizing %atcrials by their shock propagation behavior. Those

characterizations fall into two major categories:

Rate dpendent: stress relaxation effect.

"Rate independent: Bauschinger effect on unloading and a
nonlinear transition from linear elastic to plastic
behavior on loading.

Specific objectives were to:

Study the nature of stress relaxation effects in skck waves.

Investigate unloading or Bauschinger effects.

Relate shock properties to quasi-static and acouktic material
properties.

" Improve methods to experimentally study rate-dpe-.Wut and rate-
independent effects.

* Develop or Improve theoretical mdels for both rate-depwandnt and
rate-idependent effects and implement them in a wave propsgation
coqmter code.

. . .. . .. _ .. ... .. . .. . ... . , ,, ! : ,, , : , -I.



Develop guidelines for ascertaining the relative imnortance
of the several effects studied.

These objectives were pursued in an experimental study of three

materials: aluminum (2 alloyb), titanium (3 alloys), and a woven

quartz yhenulic. The theoretical study, which was directed mainly

to the aluminum, led to the exploration of five computational models,

whic we" incorported irto the 77 PF :oter code. o e

The wo aindevelopmenims of this program are the theoretical
node.j implemented inteSIP oeand tedevelopment o o

methvd for obtaining complete loading and unloading paths from experi-

mentally recorde stressl-time profiles. These two topics occupy the

Becticom 11 and III of this report. Sactions IV, v, and VI contain

descriptIOns of each material studied, In the materials sections the

experimmnts are described, the data analyaed, and comparisons are made

with the theoretical nodels.

2. Material Behavior Under Study

The kinds of behavior studied In this program fall into the two

broad categories: rate-dependent and rate-1ndependent. The rate-

dependent phenomena ore associated with an apparent softening of a

loaded mvaterial with time. If the materiel As loaded with a stress

that roWains at a constant level for saime tim, there io an Instantaneos

strain followed by a gradtually iwtreasIng strain as lon as the load

remains. this response Is called cr .Ateratively, one may observte

that the instantaneous stress required to produce a constant strain In

the umatrial gradually decrease* with time: this response is called

stress relsastioa. When the material Is looed at ditferent strain

rate", the suacceesive states describe different stress-strain paths:

this behavior is ref erred to as strain irate effects. Stress relaation,

creep, sani strain rate effects are just different (but relatively "tAer-

Wnebe) descriptions ef the basic time-depeudent pbesat

no ZS tr cre&P7 io ususaly associated with very long time Intervals
sad glo leadiss rates. However, the coacept of t ependent in-
creselog Strain At Constant stress f$ also appi"abl to shook loading
rates. In fact, som amaytical creep functiwus (such as Gibmen (Ref. 5))
have beem sue etao~l ! ud to predict time-depegdent phenomena in shocks.

2



These time-dependent phenomena lead to predictable variatioa. in theJ shape of shock waves. A common affect is the attenuation of the amplitude

of a flat-topped wave or a precursor with distace. Another effect Is the

variation of wave front shape with propagation distance, particularly a
broadening of the shock front and general rounding of the stress-time

profiles. While the presence of this latter effect may suggest time-

dependence of the material propertien, this effect is not conclusive

evidence of time-dependent material response. Tims-Indepeadent material

properties can also cauie such an effect to occur.

Time-independent phenomena of particular interest are work hardening,

the elastic-plastic transition, and the flausehinger effect. The term

work hardening (or strain hardening) refers to the tendency of the yield

strength of a vmkterioI to increase as the material is strained. The

hardening is often characterized by a wor-t-hardening modulus relating

the yield stress to the strain. The elastic-plastic travaition refers

to the region of the stress-strain curve where the material behavior Is

not linearly elastic nor purely pl*Atic but is a mixture of nonlinear

elastic and plastic. In a material such an aluminum in which no sharp

vieild point occurs the elastic-plastIc transition describes the gradual

yielding" obeery*d. This transition region Is convex upwardi on the stress-

volume plane and therefore leads to dispersion of co~ssimaonal saves, an

apparent decrease in the Bugottiot elstic limit (HAEL) with distance, and a
nonsteady transitlor jegion brtween a precuarsor and a main~ wave. (The..,

are some of the sam effects usually attributed to tim-dopmadent material

proportien.)

The Bmausohiger effect refers to a cb*aVg In the strame-eotrain

relations that occurs when the sign of tha stress is rerverse after

partial loading. Usually this af~ect is interpreted ans imply a

re i~ction in yield strength, although bulk and shear m'uJ I may also be

aff wted. Thw present study of shock wav~e propagation baa indicated that

in fact, the entire shaped of thew stres-s *valn relations may twhaa wber

unloading occurs after shock compresion. Because the Dausohinger aff1ect

cames Into play only on unloading in the present case, it doe not somilty

wave front&. Instead the affect xadlflo eat* arrival t4m of rarefaction

waves, the attenuation rate of stress wa,, ts, vd the os"p *f the 4 bk," V
* I IlL is the maximum aial stress that the mstrfr.e lm aguppagrt (in
uiAxial Rtr*A and under Shock loading conditions) with a 'inearly

elastic response. Such a limit of elastic behaviaw under static wet

caftItim is referred to as the "propostioal limit." .



or unloading portioun of the waves.

Hugoniot data may be considered pert of the tfame-independent

phenomena ot interest to us anl this project. A Hugoikiot point is the

final equilibrium state (hence, time-independent) or a material that has

been traversed by a steady-state shock wave. For convenience, we have

adopted the -mo, practice of generalizing the definition to include

eny. approximately steady-state stream wave, such an thf- gradually rising

stress waves seen in porous materials, composites and rate-dependent

media.

Real materials exhibit covplex behavior that is a mixture of time-

dependent and tim-ineii.ndent phenu~uena. Hence, some materials may

show a combination of all the above effects.

3. Materials

Three materials were used In this study as the basis for theoretical

model development and 1-oestigation of shock properties. Thie primary

material asaluminum, oith preliminary studies being performed also on

titanilum and a woven quartz phenolic.

Two alloys of aluminm-606l-IN and 202-,I-T8--were selec ted especially

to study stress reaainphenomena, On the basis af earlier work, it

was expected that the 2024-TR would show significant stress relaxation
and that 5061--TN would not. In addition, we planned to irivectigate In

detai.; the unladng behavior of these alloys because rof its relevance to

e.perimtal studies ,. other materials. Considerable infermation on the

loading behavior of these alloyo was available so that we were able to

deal Immediately with unloading phenomna and precursox decay.

Ths prelwivnary study of titanium was undertaken to map the low-

Preure (tier SW0 kbar) JRugalat, te- 7uoki for possible high-pressure

phase treasitiolls, to investigato atrain-rate sensitivity, .nd to study

release waves . %d attenuation. Three titanium alloys were selected: Ti-

5(M, aainrcimilly pure titanium all In the alpha phase; Ti-GAI-4V, an alloy

witb ulzwd alpha rad beta phases; and TI-l3Cr-IIV-30kl, an alloy thait is

entiely ba phase. TU T1-G"l -%a alloy was selected because It is a

material of practical impar~nce, that b*s alI.d been studied at

Inter-miaite strain-rates, ftere It sn'tbi-Led strin-r4eL# sen. £clwi ty.

It TI-ift ad T1-13Cr-IV-UMl ai~boye weax dtoeen to study i dpan~ntly

the behavior of esch of the comtitueni phases of the ?I-4AI-4V alloy.

4
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The quartz phenolic was supplied to SRI by the Air Force Weapon.

Laboratory for a preliminary investiga ion. Although the effort wtt!

this material was mWrh more limited, the purpose was essentially the

sarr!: to perforL a series of experiments and attempt to establish

wh Wh shock phenome-na are important.

4. Background on Stress Relaxation Models

Early work on stres3-relaxation was presented by Malvern in 193i (tE'f. ).

He derived basic relaxation equations that are essentially the same as

those ci-rently used. His formilation, which is for r rod witn stresa--

free sides, is

whe'e

Or = stress arnd strain in the direction oi the shock motion

E = Young's modulus -

g = the relaxation function

t = time

Malvern solved a simple impact problem using

g k f ( f) (2)

where k Is a constant. This model is one torm of the standard

linear anelastic model described by Zener In 1948 (Ne. 2). In Malven's

model the relaxation time i proportional to l/k, a comstan, ad iS

there' re Indepemndnt of stress lev 1. .

In 1960, Taylor (Ref. 3) performed a seras if tupe't o.-.pertmento an

Armco iron. The results showal that relaxttot iires very riapid at high

stresses and slower at low stressea. The variation of precursor amplitude

with distmce of travel was independent of the initial tmact streas

except for distanaes less than 2 an. These experlmetsLl datat did not

correlate well with predictions cf the standard model that use a constant

relaxation rate independent of initial stres level. Taylor constricted

a stress-relaxing model by king k in Kq. 2 a function of the square of

the Impact velocity. The predictior of this model ware In reassoahie

agreest with kis data.

In 1964 Lubliner (Ref, 4). prwated a gemers' diqetwsimi of a..thadv

for solvit wave propagation problem in rate-dopedoent and rate-tudeswtwat

5



materials. He noted that chaiacteristic lines are usually curved for

xate-dependent materials, and for both types of materials there is a

discontinuity in slope between loading and unloading characteristtcs.

Li 1965 a basic paper on the formulation of a disiocation model for

stress relaxation was presented by Gilman (Ref. 5). The model of the

stress relaxation term i: presented as , the plastic shear strain

rt. He introduced

bNv (3)

where

N the number of dislocations per square centimeter

* b = the Burger's vector

v = the dislocation velocity

and then derived equations for N and v from the available experimental

data. These equations are

N= (N +  j e- O (4)

v =v e-oI" (5)
0

where

N =the number of initial dislocations0

v the maximnm velocity0

the shear stress

H, 0 ana TO = constants

The model was intended to be applicable to both creep and shock front

behavior. Computations showed that, according to the model, there is an

incubation time during which dislocations multiply but no significant

yieldiig occurs. Subsequently, the yieldinb; occurs rapidly for a time

and then reaches a third, or equilibrium, state when yielding ceases.

Taylor (Ref. 6) reanalyzed his data of 1963 two years later with the

aid of Gilman's model above. He ugmented the model t include work

hardening, using

Wv b(N + W~) ye e + 0Y)/r (6)

where

= the plastic shear strain

= constants
0

0 s.a work-hardening coefficient

6



The constitutive equation for the material was written in the form

where

A = Lame's constants

stress and strain

The first term on the right-hand side represents elastic strain; the

second is the plastic strain. With the use of Eq. 6 for ', Eq. became

a stress-relaxing constitutive relation, With this equation for d , the

relaxation time decreases exponentially with stress and therefore has

the appropriate form to fit Taylor's data on Armco iron. Taylor considered

only the rate of precursor decay, not the changes in te entire wave form.

In 1965, Dorn, Mitchell, and Hansen (Ref. 7) presented a summary of

cu.rent information on athermal, thermally activated, viscous, and rela-
tivtstic effects associated with dislocatioL mechanisms. For each of the• .- _

first three effects they suggested several possible micruechanisms. It

seems likely that at relatively low strain rates (< 100/sec) thermally

activated mecbhnisms govern dislocation velocity. But at higher strain

rates the velocity is proportional to the excess of shear stress above

the static limit: this proportionality suggests a viscous damping mecha-

nism. While it was theoretically predicted that dislocation velocities

could approach but not exceed the shear wave velocity, there was no experi-

mental evidence to support this view. No dislocation velocities had yet

been measured above half the shear velocity.

Maiden and Green in 1966 (Ref. 8) reported results of an experimental

study of rate sensitivity in 6061-T and 7075-T6 aluminum, annealed Ti-

6A1-4V titanium, and several other materials. The testing rates ranged

from 10- 3 to 10 4in./in./sec. A comparison of stress-strain curves derived

from tests up to 103 indin./sec showed no rate sensitivity in either

aluminum alloy but considerable rate sensitivity in titanium. In the

titanium, the strain rate effect was described by equations of two foiw.:

=- k0 log 64Ia (8)

7



a-a Os k )n (9)

where

= stress at a given strain

Ss-- the static stress at the same strain

S= the strain rate

Cs the static" strain rate
i npk = constat ts

The data fit the second form best, with n = 1/5. The corresponding

forms of g (see Eq. 1) are

S I g1 gk e (75 /( 0  (8a)
' a s)

g k 7 - a (9a)
3 5

where the k's vid Go are constants. Both of these forms indicate a

relaxation time which is very short for high stresses, longei for low

stresses. Equation (8a) is reminiscent of Gilman's model, (Eq. 5), while

Eq. 9a exhibits a time constant inversely proportional to stres, to the

fourth power.

In 1966, Ahrens and Duvall (Ref. 9) reported some stress relaxation

studies in Sioux quartzite. They derived a complex form for g from

their data. The precursor appeared to attenuate linearly with distance

in the rather narrow range for distances which they used.

Butcher and Munson in 1967 (Ref. 10) conducted tests on 1060 aluminum
and 4340 steel, both of which are known to be rate-sensitive. Results

showed precursor decay P.nd separation of the precursor and main wave. In

several stress-time records there was a dip In stress between the two

waves. The attenuation appeared to be approximately exponential with

distance. Approximate theoretical computations of precursor decay were

made using soveral possible relaxation models. Best results were obtained

using Oilman's model with plastic shear strain rate in the form

cj=bNv bN (1 + ,)e---v e- o (10), i0 0



In 1966 Johnson (Ref. 11) Investigated three models: the standard

anelastic modol, Gilman's model, and a model suggested by Band (Ref. 12).

Johnion provided a derivation of each model and modified them appropriately

for ipplication to a material with a specified static yield strength. His

basic equation, corresponding to Eq. 7, for one-diensional flow is

4/3 /3(11)
pa t at

where

- p, the deviatoric stress

S = the density

1 = the shear modulus

y = the plastic shear strain

The form of Eq. 11 emphasizes the fact that only the deviatoric stress is

being relaxed; the pressure component follows an elastic, rate-independent,

law. Johnson showed that for many forms of y, the precursor decay could

be found simply from

dtx
d~t =  4/3 k at (2

where

a = the stress at the precursor

t =the arrival time of the precursor

y - plastic shear strain evaluated from the unshocked statet

In the modified Gilman model presented by Johnson, dislocation

velocity is

v = v exp ( - ,ro/(r - Y/2) ) (13)
0 0

where Y = the static yield strength. Band's model, as presented by Johnson,

A' has a form identical to the modified one of Gilman, except that the number

of mobile dislocations is given by a set of simultaneous equations. These

equations express rates of growth, pinning, and annihilation of mobile and

total dislocations.

9



In .1967 Anderson et al., (Ref. 13) conducted impact experiments on 2024

aluminum and polyethylene and measured precursor attenuation in the

aluminum. The experimental results were compared with predictions based on

four models: the three treated by Johnson plus a new two-parameter model.

The new model was based on the constitutive relations

- (14)

IA T (15)IT
where

T T = relaxation times
2 2

K(P) = the elastic modulus fwaction

= the Hugoaiot elastic limit, a function of time

CFO = the Hugoniot elastic limit after complete relaxation.

This model was formulated to provide both for the phenomenon of precursor

decay and for separation of the two waves.

In 1967, Wilkins (Ref. 14) described several possible stress-relaxation

iunctions. He presented typical results from one- and two-dimensional

wave propagation calculations.

Historically, the first ..atter of Interest wais the rate of precursor

decay. This could be measured quantitatively and was clearly an indication

of strain rate e:!fects. Stress-relaxation models from various other

applications were brought in to explain the decay. As more information

became a-ailable from dislocation dynamics, more appropriate models were

developed to predict precursor decay. Interest was then kindled in

describing the entire wave front: precursor, main wave, and region Netween

these waves. At present, models are Just being developed to represent all

these phenomena.

10
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5. Background on Rate-Independent Models

Attenuation of shock waves occurs when the unloading or rarefaction

portion of the wave overtakes the shock front. Therefore, the relative

magnitudes of the shock velocity and rarefaction velocity govern the

attenuation. Early studies of attenuation considered only a hydrodynamic

model. In later studies, which are discussed below, it was presm od that

the rarefaction behavior is a function of both elastic and plastic effects.

The groundwork for considering elastic-plastic behavior of materials

was laid by Morland (Ref. 15) with his analysis of wave propagation in reds.

He used the ideal plastic model for his work.

In 1960, Al'tshuler et al., (Ref. 16) used plate slap experiments to

study rarefaction velocities up to pressures of 3 Mbar. They employed the

stress attenuation rate as a means of measuring the rarefaction velocity.

Even at the highest stresses, they noted the presence of Initial elastic

rarefaction waves. However, they disregarded these waves and concentrated

on the slower-moving plastic rarefactions.

Curran (in 1963, Ref. 17) conducted a series of plate slap experiments

at lower stress than Al'tshuler et al. used to study specifically t:a elastic

rarefaction waves. His results showed clearly that el .3tic-plastc effects

led to much higher attenuation rates than predicted by hydrodynamic models.

He was able to match * e attenuation rate in computations by assuming a

large (tenfold) increase in yield strength during ccofession.

Barker, landergan, and Herrmann (Ref. 18) used plate slap experiments

up to 20 kbar t determine the loading and unloading stress-strain relation.

They noted a small strain rate effect during loading sad a sigificantLi

Bauschinger effect during unloading. Even at the low stress of 10 kbar,

the elastic rarefaction velocity was some 5 percent higher than the initial

loading velocity. Under static loading, the Bsuschiager effect in aluminua

had been well documented by Buckley and Entwistle in 1956 (Rot. 19). In

the static work there was an elastic unloading to mero stress. Reloading

in the opposite sense followed a stress-strain relation with a mach

reduced slope. The shapes of these static reloading waves appeared to bo

geometrically similar for differenc yield strength levels.

L .... ,,,11



Jones and Holland (in 1964) conducted plate slap experiments with SAE

1018 steel in both the annealed condition and with 20 percent -cold work

(Ref. 20). Tha precursor (and hence the yield strength) was about half as

large in the cold-worked material as in the annealer': this was interpreted

as evidence of a strong Baischinger effect.

Further evidence that static stress-strain data are pertinent to

dynmic studies was gained by Butcher and Canon (Ref. 21) in 1964. They

performed plate impact tests on 4340 steel to determine the loading stress-

strain relation. There were important effects of work hardening and some

stress-relaxation effects, but the authors concluded that the static and

dynamic constitutive relations could be taken as identical without serious

In 1967, Erkuan and Christensen (Ref. 22) conducted plate slap experi-

mnts on aluminum at 110 and 340 kbar to study unloading velocities and

attenuation. Calculations were made with the ideally plastic model and with

an -'lastoplastic model in which shear modulus and yield strength varied with

density. The best correlation w 4th experimental attenuation rates was obtained

by #vsumwng a yield strength that increaqed threefold. A sharp step in the

unloading wave (which is predicted by the elastoplastic model) was not

observed in the experiments.

In 1968, Barker (Ref. 23) presented a discuasion of plate slap

exper'ments in which a more refined rear-surface mez.qurement technique

was used. The data led him to the formulation of a Baus.hinager model in

which ther, was an initial elastic release to zero devistortc stress.

'Ta for cowtiaed unloading, the yield stress was allowed to increase

gradually according to the expression

4/3Y ( -moot(16
0

where

Y. = the initial yield strength

(p a the plastic *train component

Calculations with this model coared well with experientally recorded

wave shapes.

The history of attenuation studies shows a gradual rieallatlov of the

c*Wlexlty of rarefaction waves. First, hydrodynamic calculations wer

12
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used, found inadequate, and replaced b dal lsi oes h

next step was to construct ad hoc models that would exhibit some type

of Bauschinger effect.* In this report we present a Dauschinger model
I in a general form that should be applicahie to a wide range of materials.

i1
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j SECTION 1I

THEORETICAL MODEL DEVELOPMENT

1.Introduction

Four models for stress-relaxation and one model constituting a

Bauscttfnger effect are outlined tn this section. All of the models are

sufficiently complex that It in necessary to implmnt thee in a wave

propagation computer program to study their eflecto. The models wore
inserted into the SRI PUFF code, an artifici~i viseosity code originally

developed for the study of porous materials. These .'esaffect only

the computation of deviatoric stress; a( t'w basic program remains urn-

af fected. As background for the introduction of the models, the nature

of the code is presented in this section; the models arne then described.

2. Nature of the SRI PUFF Couter Codej a. Introduction

The BRI PUFF code in a program looi analyiug emi-diysomional wove

propagation caused either by the deposition of rin6iition In the materials

or by the impact of two materials. The code containz a novel integration

amsd for oolving the governing equations of act imn The equations of

state for solid, porous, liquiu, snd gaseus materials aire provided.

Iti the present project, the availsblo equaton of staft routine*saw*r

augments,' to Include stwees-reJ zxatio nd 0 Dmschiriger atV-tzv.. As

backgroundl for the discusion ot thw..e erftcta. brief descriptions of tho

Integration procedure and of the equation of -'tat* for a old are Cien

b. lvutltonsco

The solut ion prooedure low' the governing Oquations of m~otion is

called the method of artificial viscoesity. With this method no Elen-

t I nwouv shock fronts occur. but a shock to represented fly a stress env*

trout aprued over 3 to 5 cells. Reooe. the eqot aiuas of cutiAoto flce

ore 2poicst1e throuhout then flow field.

Te c '%tlaua s floe equatin. a"e thie owd aial agranglan

owmatia of -motion. Theste iquatins; are reducod to a ftam in ohicth emu

fist.owder deri ~vati rn ccur To -Improve, accuracy and stability. Invoral

15



statements of the equations are used in preference to differential

equations wherever possible.

The following set of Lagrangian equations are merely presented;

theyv ugi derived by Richtmayer (Rot. 24) and many other authors.

X X+l/2 (U 4Ul) At (velocity) (17)

ARU1 ~U + T -2X A t (momentum) (18)

zX h a (mass) (19)

E I E 0+ R (/D I-1/D)+ E rd(energy) (20)

R, F(E.l D . (equation of state) (21)

X M Coordinate location

U - coordinote velocity

D -density

9- internal tanergy

R a- total mechanical stress

AU- (OL/( an 46x

E -e8 Internal energy added Wy radiat ionJ

2* call 1 ses (D A X)

Bubacz-iPts 0 sad I refor to tinwa t 0amd t 1 +' A t. T!is nonsubscrip-ted

:R and D vauu apparing in the equetions *rt' chio.en to provide zr.

acour sto representation of the conver vuat l Iaws.

For 0Mevase in ViAUaliZIn4' tka prugrops af the coputation,

and diotac-tim (1-0t plot with coordinate paints, eellq between

oordfts, =6 tbme stop* ia obown In ftg. A. The computat ian. procL*.d

tra left to r4gh _, oum coordinate st a tim, Updating coordinate

Aocation, velocity density, etc., to the new time t %04rder of tN~e
1'

camintations Is given bw the mmbrs In Fig. 1..) The Isttration scheme

777 "I
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0i*0 0 0 V0FL OIc T:
2 A 6 0

I 3 5 70l 0 0 0 - t4AL STEP

to 0 0 0 0 0-14 -TO I

OEMT IM WWI... -X

FIGURE 1 A D'STANCE ( -TIME (t) DIAGRAM WIOWNG COORDI"JA1
LAYOUT AND ORDER OF CALCULATION IN 11E SRI PUFF CO!I"

used in the SRI PUFF code is a mixture of the leaptrog method proposed

by von Neumann and K.chtm,;,r (Ref. 25) and the two-step LX-Wa t-f

method (Ref. 24. 
i

In the leapfrog scheme te basic computaticn cycle proceeds rk

f o l l o w Em : 
'

;i ) E R U 6'X

ThaIt iA, density is (,omputed from the coordinote position, surigy

and str~ss from d.Asity, velocity from stress, and coordiwr tlon location

from velocity. The c'ycl~e is then repeated in s diag time p. 71w

natural procedure, as used in the lempfrog scheme, iS to asso ste X

-and U with the coordinste points and tt *t#sciote the t..en It, aorgy"

and stress tith the midel polnts (hence, the subcripts c and m -in

4 the cycle nottlon) The mildeell quantities are also associatod With a

time 1/2 LA t ahead of the X d U V ltwo. Thu% the 3Itdeell quautit e

are evaluated at the ' allftep locatiorr', n the X-t ptcwt of FUn. 1. In

the two-vtop Ltx Wonditf methd, rlU quantities are computed at both

the coordinate sad mtdalel polnts. Quantities occurriog at courdinates



It

(and full time steps) are treated as primary; the halfstep (midcell)

quantities are secondary and are computed by more approximate equations.

In the SRI PUFF code the basic X - D - R - U - X cycle isC m M c c

treated as primary. In addition a subsidiary cycle x - D - R - U -
m c c m

X is used to generate Gae other quantities so that all quantities are
mr
available at both coordinate and midcell points. The main advantages of

th method are (I) eliAnation of an iterative solution for stress

usually required with the leapfrog scheme %*thereby decreasing computation

time),;nd (2) diminution of the oscillations in the stress at shock fronts

that commonly occur with the Lax--!,endroff method.

r. Eguation of State

The equations of state considered here relate the stress in a

material to its internal energy, density, and the previous state. The

material may be in sulid, liquid, or gaseous states. *

For ccvnvenience in formulating the equatiorq of state for both solid

and porous materials, the stress tensor will be defined as the sum of a

pressure and a deviator strcb 'ensor. The pressure is defined as

IV
P=- (s + S +s ) (22)

11 22 33

where the S's are stresses on R ny Lhree mutually orthogonal planes. The

deviator stress is the ri ration ol any normal stress from the average:

SD = S - P (i = 1, 2, 3) (03)
Ui ii

For the one-dimensional strain case to be ti-ated here, the stresses can

be conveniently taken in the d:irections of principal stresses, so that

only normal stresses occur. Furthermore, the deviatoric stresses are

simply related as follows

SD SD in-- SD (24)
22 2

*The code also provides for materials that are initially porous. Spallijig,
separat lon, and recombination, und 4 hermal strength reduction are also

hav. Aed by the code. These provisions, which are not of direct interest
bere, are discussed in Reference 26.

18
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so that the only stress quantities to be computed are SD and P. The

pressure is computed as a function of two or more of the other thermo-

dynamic quantities. The deviator stress is computed from a stress-strain

relation. The stress is then found as a simple sum of SD and P. With

this separation of stress into two components, the development of an

equatiuit of state requires the construction of two relationships, one

for pressure and one for deviator stress.

(1) Pressure

The equation used here for pressure is of the form

P = P(EV) (25)

which says that pressure is a function of specific internal euergy and

specific volume only. The thermodynamic quantities entropy and' tempera-

ture are not considered explicitly. Equation 25 defines a surface in

E-P-V space.

An equation of state represents equilibrium states. Therefore as

a material undergoes gradual changes, such &3 heating, compression, etc.,

the successive states desribe a path on the equation-of-state surf ee

if there is no heat conduction, stress relaxation, or other nonequilibrium

process occurring. If the material is compressed by passing through a

steady-state shock front and the initial and final states are equilibrium

states, then these states lie on the equation-of-state surface. These

initial and final states are connected by a straight line, the Rayleigh

line, which lies on or above the surface, for the usual, concave-upward,

surfaces. The states of transition within a shock front are not states

of thermodynamic equilibrium and hence do not necessarily lie on the

surface.

Shock experiments lead to the determination of a Hugoniot or

Rankine-Hugoniot curve which is a line on the equation-of-state surface.

This line is the loc.as of final states that can be obtained by a steady-

state shock transition from a given initial state, A common form for a

pressure-volume Hugoniot is shown in Fig. 2.

19
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FIGURE 2 COMMON FORMS OF PRESSURE AND STRESS HUGONIOTS
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During compression thei. is some increase in internal energy, so

that the Hugoniot does not lie in a single P-V plane.

As a reminder of the role of stress in the compression of the solid,

consider the stress-volume Hugoniot of Fig. 2. During compression the K
stress is greater than the pressure; on unloading, the stress decreases .

rapidly to yielding and then follows a stress adiabat below the pressure

adiabat. The unloading adiabat lies to the right of the Hugoniot for

materials that expand during heating. For such materials less internal

energy is released by the adiabatic decompression (expansion) than was

absorbed during the shock compression.

The pressure equation of state for a solid and the subroutine for

calculating it in SRI PUFF are essentially the same as those in PUFF 66

(Ref. 27). The equation of state is described by two analytical equations

(one for compression and one for expansion) and is bounded for negative

stresses by a spall criterion.

The equation used to describe compression is the Mie-Grfineisen

equation

r (V)

-PREF =-V - E - _REF)  (26)

where

P and E a point. a v reference curve at the sameREF REF specific vGlthw" V

r(V) = the Gruneisen ratio.

Equation 26 has been derived on the assumption that r is a functiun

of V only. Equation 26 provides a means for extrapolating the informa-

tion of a known P-V relation (such as a Hugoi,.t) to other values of

internal energy. Because the Hugoniot is the P-V relation that is most

likely to be known, the computations are constructed so that the Hugoniot

is the reference curve used. The Hugoniot P-V equation is presumed to

be in the form

P H CM D? + SI? (27)A

21
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where
V

Po v

The internal energy along the Hugoniot is

E = -PH(Vo- VH ) (28)

H H o H

Equation 28 iB based on the assumption that the initial internal energy

is zero and that the Hugoniot is concave upward. In general, the latter

assumption excludes consideration of phase changes. Also, the relation

is strictly true only if the stress Hugoniot coincides with the pressure

Hugoniot; however, at high pressures there is usually little inaccuracy

introduced by this approximation. With the aid of Eqs. 27 and 28, the

Mie-Grfineisen equation takes the following form in the program:

P (Cu+ D?+ S3)*( ~+ r 29
(29

In the computer program the Grineisen ratio 1? at initial density
0

is taken as a constant, EQSTG. Then r is treated as a function of

density such that rp is constant.

At a constant volume, Eq. 29 is a linear relation between pressure

and energy; hence, constant volume lines on the equation-cf-state surface

are straight lines. The Mie-Gruneisen equation of state is used for

densities greater than the initial density. Thus on the equation-of-

state surface the straight line V - V is the boundary between the0

Mie-Gruneisen equation and an expansion equation.

The expansion equation, which is unchanged from PUFF 66 (Ref. 27),

meets four requirements:

* It Joins smoothly to the Mie-Gruneisen equation along V V.

0 It expands like PV a ( - 1)E at large expansions (like a gas).

* It provides a linear relation between P and E for constant V.

* It accounts for the partition of internal energy into components
for kinetic energy and for intermolecular bond disintegration
(sublimation).

22



An equation that satisfies these requirements is

P P H + (ri H) * E -E S [1 -exp (N (1-Po/W) /P) (30)

where

p = density

p = initial density
0

r = Gruneisen ratio

H = Y - 1 = C /C - 1 for expansion at low densities
C/ (a p v

8PI'

ES = sublimation energy

C = coefficient in Eq. 29, the bulk modulus at low presres

In the PUFF 66 manual (Ref. 27) a value of 0.25 is sggested for R.

The sublimation energy as defined there is the difference between the

internal energy of the solid material at ambient conditions and the

internal energy of the fully expanded vapor at a temperature of absolute

zero.

(2) Deviatoric Stress

The devistoric stress equation takes a simpler form in the

PUFF formulation than does the pressure equation. The deviatoric stress

for a perfectly plastic material is

SD for 0SDI < Y (11)

otherwise
i - d

SDI- 1Y (32) '

where

w the shear modulus

p a the density

Y w the yield strength

Stress relaxation and Bauschinger effects modify the deviatoric

stress computation. These modifications are dealt with in the following

subsections.
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3. Stress Relaxation Models

a. Introduction

Materials subjected to shock stresses respond in a manner somewhat

different from materials subjected to quasi-static loading. We have

attempted to understand and to characterize some aspects of the shock

behavior through the use of time-dependent, theo:retical models. Attention

was focused on materials with no phase change in the stress range being

studied. When a shock wave whose amplitude is below a critical over-

driving stress traverses such a material, it generally is assumed to

proceed initially at the elastic sound speed as a single shock front. As

the wave progresses, it breaks into two waves, an elastic precursor and

a slower main or plastic wave. The amplitude of the precursor may

decrease as the wave proceeds, eventually reaching a steady-state value.

The thickness of material through which the shock w,:e progresses before

the precursor reaches its steady-state value varies from material to

material, For some materials the thickness is so small (less than 1 mm)

that experimental observation of the effect is difficult; for others it

is very large.

Three time-dependent phenomena of the shock front were of concern:

* Attenuation of precursor amplitude as a function of distance

into a material.

* Degre of separation of main and precursor wave.

* Attenuation of the stress amplitude of the main wave and

modification of other state variables.

It was assumed that these effocts are caused by time-dependence of the

yield strength or deviatoric stress and that there is no time variation

In the relationship between volume and hydrostatic pressure. All of the

theoretical models we employed are based on the assumption that the

deviatoric stress may exceed two-thirds the static yield strength for

brief periods of time. Following the passage of a shock front, the

deviatoric stress gradually decays back to its static limit.

The four models are introduced by first considering a model with a

sufficiently general form to encompass all of the others. This model is
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a ,pecification of the stress relaxing function F in the flow relation

presented by Johnson (Ref. 11)

sD 4E
= 8F (33)

where

SD = the :eviatoric stress

JA = th,, shear modulus

= uensity

F = A , the relaxation function

y= plastic shear strain

SD

In this general model F is given by

F = A(C) + A2 (Q) ( t t ) + A3 ((t-t )2 + (34)

=0 for t < t

a

where

2
= ISDI - - Y, the excess of deviatoric stress above yielding

Y = the yield strength

A, = functions of

t - time

t arrival time of the precursor shock front
a

With the formulation of this r:odel we can now discuss some gseeral

results obtainable with all of the models. The deviatoric stress may

initially exceed 2/3 Y in the shock front and then decay gradually from

the high elastic value to the static value. Because of the decreasig

devistoric stress, the amplitude of the elastic precursor also attenuates

as the shock wave proceeds into the material. The first term of Sq. 34

provides for Qttenuation of the precursor. The second and subseqwat

terus provide for separation of the precursor and main waves, sad for

details of the wave shapes. The simple ideally plastic model can be

represented by the function F withA A ... O and
1 3

A2  4P t_ t:
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Because A1  is zero there is no precursor decay. With A2  as in!2

Eq. 35, there is a clear separation of the wave fronts.

aMany physical mechanisms have been proposed as a basis for the

formulation of the function F. Among these are the standard anelastic .1

solid model (Model 1), several dislocation models, and a varying yield

s g. The dislocation models considered here are those of Band

(Model 2) and Gilman (Model 3) as modified by Johnoon (Ref. 11). The yield

strength model (Model 4) was suggested by Anderson, et &l (Ref. 3). We

will first discuss Model 1, then Model 4, and then turn to Models 2 and 3.

b. Model 1

The first and simplest -tress relazatiran model is that tEM the

standard anelastic solid. It is basically a one-parameter mathematical

moel in vhich the deviatoric stress SD is alloed to relax to its

vi stati, value 2/3 Y exp nitlly, with an adjustable time constant.

*f tmples of its deelopment am given by Zener (Ref. 2), Kalsky Ol. 2),
Jdwaa (Ref. 11), and D 1vall (Raef. 29). For this model t w deviateric

stress satisfied the relations

81 4 U 0 ISD- 2/3 Y~ ~for ISD > 2/3 Y (36)

SD 4

"3 fr IO: /x T(7

we TI is the deviatoric stress decay time parameter and the

derivatives are taken at Lagraugla, coordinates. In Eq. 36 the first

term an the right gives the elastic value of the deviatoric stress, and

the secd term provides for relaxation to the static value 2/3 Y. For

this model the yield strergth is assumed constant sad T is the only
r lx

Adjustable pareter In the model.

The current value of the devistoric stress at each coordinate is

coqaited from fts. 36 and 37 in the PUFF code. 'h. finite differen oe

spprminatiom to 3q. 36 for the case whre J814 > 2/3 T and 't is

camstant thraghbmt the time interval is:
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SD 2 18y,+ (SD e-z tY + T 1 4  eDxpi (-~~SD 3 33o t

(38)

where

SD = devistoric stri 3s at beginniug of the time step of
0 duration At and density change 6 ID

SDf a final deviatoric stress

pave W average density during time interval

If I SDJ becomes less than Y or changes sign during the time interval,

then the SD - t path must be broken into segments. For each Becuent the

correct equation (Eq. 36 or 37) is used.

An alternate physical derivation of the standard anelastic solid can

be given from the point of view of dislocation dynamics. For this

purpose Eq . 36 is rewritten to emphasize that 
the third term represents

the plastic shear strain rate IP

aD 4 U

The plastic strain rate is related to the umber of mobile dislocations I
the velocity of -those dislocations r, ad the Bu-rer's vectew b b

- bw~(40)

The model assumes that the dislocation vslocity ts goverved by pbhmon

viscosity, so that

V - )~*-1b (C:l) :*

- the dis'ocstion damping coatficient

T- Y/2, he lattice stress that must be *mceded betmfor

b
dislocations can mow

3/4 ISD1, shear stress

by cofbinivg Zqs. ~ 41 w obtain

W- 3 P ~ rsD.j 7
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Comparison of Eqs. 42 and 36 shows that the two formulations of Model 1

are equivalent if

Trlx 
2

(N4

2~lm

Model 1 is the only one of the four relaxation models for which the

precursor amplitude can be obtained analytically in closed form from

the vurious relaxatio parameters. From Zener (Ref. 2), the precursor

wave amplitude 0 decays in time according to:

Y + (a - / exp At (44)
HEL o HELT rlx)

where

0 - initial amplitude of the precursor

Ow-= ( + , the Hugonicit elastic limit or final amplitude

of the precursor.

2WV3
A

K = bulk modulus

IA - shear modulus

Using the relationships

m s -CEI

which Is the elastic shOck velocity, the equation for the precursor

onpltude decoy in distance can be shown to be

-Ur (Q - . -(45)
rix

x w distance Into the material from the impact interface

2i

A4A

from either oqustcan, It Is evident that decreasing the parameter T

will beaten the deay of the precursor.
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c. Model 4

The next model to be discussed is n two-parameter model similar to

that of Anderson et al. (Ref. 13). It -' identical to Model 1, except that

the yield strength is allowed to vary (the yield strength is constant in

Model 1). Under rapid loading, the yield strength reaches a high elastic

value and then decays e.ponentially in time until Jt reaches its initial

value. It is governed by the followving equation

Y =Y until SDI = 2 Y
03

then
Y Y

-for ,SDI >/3 Ysd sI (. -)si (sI):

y- y I

2# 0 for ISDI > 2/3 Y and SIN SIGN (D)
yy

= 0 for SDf 2/3 Y (17)

where

Y f static yield strength

or fiyield stren~gth time parameter

Y

yy

Meanwhile, SD obeys Eq. 36 where Y in that equation is now the

current value of the yil ;d strength calculia.d from Eq. 47, instead of the

constant value zs in Model 1. In Model 4, there"fore, there are twi

adjustable time ptrameters, one directly governing the deviatk-'r .iress

decay rate (T lx), mad another governing the yield strength decay rate

. the latter ilso indilewtly affecting the deviatoric stress de ay. I
In the computer progrm, Eqs. 36 and 47 are usd to calculate current

values of yzle.d strength aud deviatoric stress. These equatio" clot

be solved xinuitanoously in closee form so we appocximate a solution to

Sq. 47, forJRfDl> 2/3 Y, during a time Incr t At

-f -Y Y + 1A 2 A-) (48)
f ol d old 0 T

Y y
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where
I i f SIGN (p . SIGN (SD)

k a constant = 0 if SIGN (6 p) = SIGN (SD)

> .--yield strength value at beginning of time step told o

Y = yield strength value at t = t + tf o

In this solution we have used the approximation

exp t) t (49)
Y Y

which is valid only 6 t < T (which is the case in all of our PUFF
y

calculations). Inserting Yf from Eq. 48 into Eq. 38, we obtain the

approximate solution fc the deviatoric stress at the end of the time

step:

SDf 2Y +(SD 2 Y texpf 3 av 0 "3 t ep-
av avrix

4 A TIX 1 - e\I (50)

3 avg A t TlJ

where

Y (Y + )
avg 2 f old

Models 1 and 4 are implemented in the subroutine RELAX. The basic

scheme of RELAX is as follows:- a tentative value for the deviatoric

stress is obtained by using the nonrelaxatijn Eq. 37. This tentative

value and the initial value are compared with 2/3 Y to determine if the

deviator is outside the elastic zone. If not, the subroutine returns

this tentative value as -he new deviatoric stress. Otherwise the tIne

during which the deviator remains outside the elastic zone is calculated

and this time value is used to relax the yield strength (for Model 4

only) and to calculate a new devatoric stress using Eq. 38. This new

value for the deviator is again compared with 2/3 Y to see if the

relaxation has caused tiie deviatoric stress to re.iter the elastic zone,
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in which case a revised relaxation time is determined and used to re-

calculate the relaxing quantities. The subroutine then returns with the

new value of the deviatoric stresc and, for Model 4, the revised valuE

of the yield strength.

The results of a series of representative computations for Model 1

in the SRI PUFF code are shown in Fig. 3. Model 1 yields no distinct

separation between the precursor and the main wave until after thn

precursor has "relaxed" to its Hugoniat elastic limit. As indicated in

Fig. 3, there is a gradual rise in stress from the precursor to the

main wave peak. The precursor decay curves in Fig. 3 are obtained

explicitly using Eq. 41 and they appear to closely match the precursor

amplitudes from the PUFF calculations.

20 I1III

- ~ O.6261ssec
PREDICTED PRECURSOR WAVE AMPLITUDE - 0"4- I -'---- 0.0941 -

0.084
6 COMPUTED STRESS PROFILE

.0

\\

@} --- - - - - - "-

0 0.5 1.0 1.5 2.0 2.5 3.0
DISTANCE INTO MATERIAL - cm

FIGURE 3 STRESS PROFILES FOLLOWING IMPACT IN A MATERIAL REPRESENTED
BY MODEL 1 (Simple Anelastic)
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The two-parameter va.cable yield strength model (Model 4) exhibits

a distinc' two-wave structure, and a noteworthy result of the model is

the decrease in stress immediately following the precursor and before the

main wave front. Although it has not been possible to derive a closed-

form solution for either the precursor amplitude decay or the depth of

the trough behind the precursor in terms of the parameters Trl x 8'- Ty

the following qualitative information can be obtained from Fig. 4: For

a fixed Tr, a large T will produce a slowl decaying precursor ampli-

y
tude and a deep trough behind the precursor. Decreasing T will speed~Y
up the precursor decay and decrease the depth of the trough (see curves

2-5 or 6-7 in Fig. 4), until at T = 0 (i.e., the yielu strength relaxesY

instantaneously to its static value), the model is identical to Model I

25 I I I

CURVE I T' 0.626, Ty z 0.626
CURVE 2---- 0313 0.626
CURVE 3-* - 0.313 0.1565
CURVE 4- ----- 0.313 0.0626

20 CURVE 5 0.313 0.0313
CURVE 6 0,1252 0.125Z
CURVE7 ........... 0.1252 0.0626

'I

S10

5

0
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

DISTANCE INTO MATERIAL - cm

FIGURE 4 STRESS PROFILES FOLLOWING IMPACT IN A MATERIAL REPRESENTED
BY MODEL 4 (Two Parameter)
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and Eqs. 44 and 45 are valid. If, on the other hand, T is held constnt

and T varied (compare curves 1 and 2 or 4 and 7 in Fig. 4), the results

show that a decreaae in T will speed up the precursor amplitude decay,ri

but have little or no effect upon the general shape of the shock front.

Because no exact equation for precursor attenuation is available,

it is not known how much of the precursor decay was caused by the finite

difference nature of the calculat!ons.

The two-parameter varying yield model exhibits some of the effects

desired of the general two-parameter model described by Eq. 34, but not

aHl of them. In Model 4 the effects of the two parameters are not

separable: both affect precursor decay and wave separation. We believe

that a more suitable two-parameter model can be generated. The basic

purpose of the model is to represent a material with two important stress

relaxation mechanisms. In real materials there will generally be a

number of mechanisms operating and any two-parameter model will be a

simplification of such beh avior, in! ded to represent only the two most

important mechanisms.

d. Models 2 and 3

The remaining two mcdels were descrtbed by Johnson (Ref. 11) and are

based on dislocation dynamics. Model 2 (the modified Band model) and

Model 3 (the modified Gilman model) both use Eqs. 39 and 40 of the

alternate derivation of Model 1, but then depart from Model I when

relations governing the dislocation velocity and the number of mobile

dislocations are considered.

For dislocation velocity, the following equation applies for both

Band and Gilman models:

v a V m exp [B(r-b))=Vexp [_B/( jSDj- .Y)] for jSD> 2/3Y

0 for ISDI : 2/3 Y '1)

where

v - maximum dislocation velocity

B a a constant
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The mobile dislocations begin to move when the shear stress exceeds

T b (defined following Eq. 41) and increase in velocity as the shear

stress increases. As seen in Eq. 40, the velocity is directly proportional

to the relaxation rate of the deviator. From a "hysi -l standpoint, the

movement of these dislocations relieves the excess shear stress in the

material, and the dislocations will continue to move until the shear

stress decreases below the lattice strength or until they become pinned.

The differ ace between the Band and Gilman models arises from the

manner in which N , the number of wobile dislocations per unit volume is

calculated (see Johnson (Ref. 11), pp. 27-33, for detailed derivation).

In the Band model, N is obtained from the simultaneous solution

of:

i dNS1 1 v
d mg (Nt"N) ( (- + ) - (52

1 2 m

and

dNt 1 vd (g j (N - )- N - (53)
dtt m T myv

viere

N t  a total number of dislocations (mobile and pinned) per unit

volume

i3 3 (r- r b
T IT 2  M adjustable time constants

(,g a other constants

In Eq. 52 the two terms on the right side represent the rate at which

mobile dislocations are created (from pinned dislocations) and destroyed

(by being pinned or migrating to a free surface or void), respectively.

Similarly, the two terms on the right hand side of Eq. 53 represent the

rate at which all dislocations are being created by a Frank-Read multi-

plication mechanism and destroyed by migration to a free surface jr void.

To use this model, the initial dislocation densities and Nto must
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be specified, as well as Burger's vector (b), the maximum dislocation

velocity (v), qnd the adjustable parameters (T,, T2 , C, g, and B).

Then for every cycle of the PUFF - code calculation, Nm and Nt re

incremented for each cell in the material by:

N' = Nm +  g a (Nt -N) - (M + ) N ]m t (54)
m mavg t m +1 f2  v

N't =N + ( g avg (Nt - N)- N A ! t (55)
t m v

where

N1 and N' = values of N and N at t = t + t
m t m o

= /IS'+ SDI 2/3 Y =1SD+ 1j-2/3 Y1/ 1S '3 avg
avgI

W it -t + A t 

"
o 2

SD' = value of SD at t = to + t

which is a valid solution to Eqs. 52 and 53 provided that Nm and Nt

change by only a small fraction during one time step.

In the Gilman model, N Is determined by
m

N ( + Cy) exp (-0 ) (56)
m mo

where C and 0 are constants. The mobile dislocation density is

increased in proportion to the total plastic shear strain (y), which

can be obtained from

p 3 (SD 2/3 Y)Y io 4

where poff initial density (before shock wave). This equation holds

only during initial compression. N decreases at a rate proportional tom

Itself, to account for loss by migration to a surface or pinning. To use

the Gilman model, one must specify the mobile disloeation density (Nmo),
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Burger's vector (b), the maximum dislocation velocity (v) and the adjust-
m

able constants (B C, and 0). The plastic shear strain is initialized at

zero for all cells, and thereafter, wheneverISDI> 2/3 Y, the plastic shear

strain is increased during a time step by:

Ap 3ASD 3 _AVY 1/21 A - ASDIPavg 4 J Sp 3 pavg

Note that the term iA th parentheses on the far right hand side is

just equal to the amount hr which the deviator has been relaxed during

the time step, since with no relaxation, & SD = , from Eq. 37.3 p
Therefore the total plastic shear strain at any time is just equal to

3/() times the total stress relaxation in that cell up to that time.

This value for V is used in Eq. 56 to calculate N , which is then

used i Eqs. 39 and 40 to obtain the relaxation for the following cycle,

which in turn Is used to update y. The accuracy of this iteration is

controlled by the shortness of the time step.

Both Models 2 and 3 are implemented in the subroutine BANDRLX,

which operates in a manner similar to that of RELAX insofar as the

determination of the location of the stress deviator (in elmstic or

plastic zones) and calculation of the time during which stress relaxation

takes place is concerned. Because of the iterative nature of the Band

and Gilman schemes, a feature has been instituted in BANDRLX which enables

each cycle of the PUFF calculation to be broken into several shorter

time steps and a calculation to be made for each of these smaller times,

with a resultant increase in accuracy.

The Band and Gilman models are both based on dislocation dynamics,

and unfortunately, this is a field in which litthl is known quantitatively

under the loading conditions of interest. There is little or no experi-

mental data for determining the value of the various cLslocation

parameters (such as vM, O, C, g, etc.), some of which like N and No,
to mo

undoubtedly depend upon the history of the material specimen. Therefore,

there is at this time no sound reason to expect that the Band or Gilman

models will describe the shock phenomena more accurately than Model 4,

for example, whose parameters are without real physical basis.
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The attenuation rate cf the precursor can be predicted analyticaily

for tbfrse two models, and in fact, the same equation pertains to both.

The equa' ion as derived by Johnson (Ref. 11) as

dS __4 3
dt= - Mb v N exp [-B/- SD - 1/2 Y)J (59)dt 3 m m

This equation can be integrated numerically to obtain the precursor

P-p]'tude. Obviuusly, only those parameters thet enter Eq. 59 can

influence the attenuation rate.

Models 2 and 3 exhibit a fairly distinct two-wave shock front,

!pending to a large extent on the rate of dislocation multiplication

in the mater.al. For the case where there is ao increase in the number

of dislocations (C = 0 for the Gilman model, g - 0 for the Band model),

t-.e shock front is similar to that of Model 1 (see Figs. 5 and 6): a

gradual rise in stress from the precursor to the main wave, with no

significant change in slope. But when the dislocations are allowed to

increase in number (C > 0 for the Gilman model, g > 0 and N t N o

for the Band model), the shock front behi'd the precursor flattens out

to some extent before the arrival of the main wave, and thus the tw-wave

pattern emerges. For the PUFF calculations upon which all of the curves

in Figs. 5 and 6 are based, the following values for the ,,irious relax&,-

tion !arameters were used, as suggested by Johnson (Ref. 11,. For the

Band model:

- 0.9

T 1 s

T 4 JIsec

For both Band and Gilman models:

B - 1 98 x 10' 0 kbar

v = 3.22 x 10 cm/sec

bN U 5 Cm- 1

mo

The values for the other parameters are shown in te figures. In

addition to the effect of the parerters C and g on tle shock front

apTpevrance, the graphs show that increasing Nto (in the Band model) will
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FIGURE 5 STRESS PROPttES FOLLOWING IMPACT IN A MATERIAL REPRESEi"TED

bV MODEL 2 (Bond)

increase the saparatiou of the two waves (this is reasonable, since

Eqs. 52 end 53 show that the dislocation mwltipl , ati(n rate is also

dependeat upon Nt - N ), whije an increase in (P (for the Gilman modeli

will have the opposite effect (0 governs the rate of decrease of the

mobile dislocation density). Qualitatively, the Band and Gilman models

exhibit 3 nearly identical shocl front appearan-e.

For both of these models the finite difference calculations have a

serious effect on the amplitude of the precursor. A-cording to Johnson's

simplified analysis (Ref. 11), C and 9 in Gilman's model and R

TI, T2, C, ad g in Band's ,-.odel should have no effect o. the precursor

decay. In Figs. 5 onu 6 it is evident that there is an effect, presumably

caused by the artificial viscosity and the finite size of the cells.
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e. Implementation in the Code

In the current version of the SRI PUFF code listed in Appendix 1,

all four stress relaxation models as well as the Bauschinger model

(Model 5) are set up to run through the entire cycle of sny impact-

induced shock wave: compressive loading, unloading, tension, ad

reloading. The models are also available for use with shock waves

caused by radiation deposition, although no verification test run baa

been made. A condition indicator is assigned to each cell In the PUF

ca'.-ulation, to keep track of whether that cell is currently outside of

the elastic zone (SDI> 2/3 Y), and hence undergoing relpxation, or within
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the elastic zone (ISDIr 2/3 Y), where relaxation is not applicable. The

stress relaxation parameters are read in for each material along with

all of the other material properties, so that different stress cK viator

models, including the elastic-plastic model, the Bauschinger model, and

all of the rela 7ation models, can be used in the same calculaticn for

different materials. In addition, two significant parameters for each

model are selected and printed out in the periodic time edits and

histories, along with the other shock parameters.

The subroutines for calculating the deviatoric stresses for the

five models do not contain any COMMON declaration: All required informa-

tion is brought in as formal parameters in the callii~g statemenL. Thus

the subroutines are readily transferable to other types of artificial

viscosity codes.

For each of the stress relaxation models, a series of test runs has

been made with the SRI PUFF code. These runs are identical within each

sexes, except that one or more of the relaxation parameters for that

model are varieo to determine the effect of the parameter on the calcu-

Iation.

The results of the test runs show that all four model are s milar

in that there is an approximately exponential nttenuqtion (in time or

distance into the impacted material) of the piecurso- wave amnlitude.

But heyond that, there are significant differences among the various

models, in the sepaistion between the precursor and the mpin uive, and
generally in the shape of the wave front.

f. Criteria for Choosing a Stress Relaxation Model

The feature of most prominence in studies of stress relaxation often

is precursor attenuation. If this is the feature of main interest the

model should be chosen first on the basis of the type of precursor atten-

uation it provides; that Is, first choose the form for A1CC) in fEq. 34.

The form for Ai(C) may be chosen on the basis of measurements of precursor

decay or from hypothesized dislocation mechanisms. For the latter

cri-zeria, it may be noted that only the variation of olilocation velocity

with stress leve appears to influenc, precursor ottenuation. Some ccor

forms for A() are provided in models 1, 2, and 3.
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For Model 1, Y(9) i.. proportional to = SD - 2/3 Y. The relaxa-

tion time is independent of stress level. In Models 2 and 3, Al(C) varies

ias e- / so that large stresses decay at a much faster rate then low

stresses. Other possible forms for A ) may be found in he literature

cited in Section 1.4.

After the form of the precursor attenuation has been selected, then

the wave shapes and separation can be considered. They cannot be

predicted analytically; therefore, they must be determined by trial

computations. We suggest that the first trial should be made for the

no-separation case; that is, with A2 (V) A3 (4) .... 0 in Eq. 34.

This is the automatic form for Model 1. In Band's model this can be

accomplished hy letting C a g = Nt = 0 and by making T and T very

large. For the same 'ffect in Gilman's model, let C 0 - 0. This

first ca.cu 1 Lion provides a landmark %ith which to compare the desired

results. If these computed results are inadequate, then the arbitrarily

set parameters in Band's or Gilman's model can be give., more realistic

vaiues. Sase estimstes of the influence of these parameters were presented

in the pre'viActs discussion of our computed results.

4. Bauachinger

j The Bauschinger effect refers to a change in the stress-strain

relations which occurs shen the sense of loading is reversed after

initial loading. For our purposes the effect causes a continuous

variation of yield strength and sheai- modulus from the point ut which

lording sense hanges to the next change of sense.

a. Construction of the Model

The recordoid stress histor4oa derived from plate impact experiments

have usually disagreed with calculaticas bsed on the ideally plastic

model n three ways: (1) the gharp yiold point from the computatitui

is quite gra sal In the oxperimental data, (2) the -%arp step in the

computed unloading of the itress historv is alvist entirely abbent in

the experimental rec.ords, and (3) the attenuation of peak -tress Is

significantly faster in experimental observation than t predicted by

compted histories. The'se %ltscrepancles led us to the formr-tion of a
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BausThinger model to account for the most significant effects. The model

is a strain-rate independent, elastoplastic model with an unloading

stress-strain relation that can be very different from the loading relation.

Specifically, the model provides for conputation of the deviatoric stress

(total stress minus pressure) using a shear modulus that varies smoothly

from some initial value down to the strain-hardening modulus. The values

of initial modulus, strain-hardening modulus and the manner in which the

modulus varies between these two are not necessarily the same for loading

and unloading.

In coi .tructing the Bauschinger model it was desirable to produce

a form that would be general enough to be applicable to many materials

and would be readily usable by other investigators. With these needs

in mind, the following guidelines were adopted as requirements for

development of the model:

* As far as possible, the form should be comparable to those
developed by other investigators.

* The form should be extendable to other stress levels.

* The data should be closely represented.

* A physical basi or interpretation should be available for
the parameters in the analytical relation.

The data of Buckley and Entwistle (Ref. 19), and the analytical form of

Barker (Ref. 23) and of Erkman and Christonsen (Ref. 22) were useful in

constructing our model. To make the mrdel equations extendable to other

stress levels it was necessary to separate the stress-volume relationship

into pressure-volume and deviatoric stress-volume equations. Only th,

deviatoric stress equations were modified by the Bauschinger effect. For

selecting the particular equations of unloading stress vs. strain and

the loading transition at yielding, we closely followed our data of

Section IV for 2024 and 6061 aluminum. The parameters required for the

model are mostly moduli and yield strengths and hence are easily inter-

preted physical quantities.
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The pressure volume relationship is given in the usual form for
the PUFF code:

P c Dj +S!/ (60)

where

u =v /V-i

The constants C, D, and S are represented by EQSTC, EQSTD, and

EQSTS in the code. The stress deviator SD is given by

SD = SD + / m4d (61)
0

where

SD 0= the value of devistoric stress at the time corresponding

to the lower limit of the integral

M = a shear modulus

If ISDI exceeds 2/3 Y, then ISDI is set to 2/3 Y. The form of the

requi-ed function of deviatoric stress versus volume is shown in Fig, 7

for 2024-T8 aluminum used on this project. This form was achieved by

varying the shear modulus M and yield strength Y according to the

following relations:

O - M + -i " ,,o 2y 1  i,,d n )

Y =Y I +2M (loading, after yielding) (63)

yield

M M + (M - M -_D (unloading) (64)

Y Y + 2M f.'P (unloading, after yielding) (65)

yield
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FIGURE 7 RELATIONSHIP BETWEEN DEVIATORIC STRESS AND SPECIFIC VOLUME
OBTAINED FROM 50-kbar TESTS IN 2024-TB ALUMINUM

where

Y 1 Y2 = yield strengths at yielding on loading and unloading

Y2 = the final value of Y from Eq. 63 before unloading begins

Me, M1 , M2, M3  = shear modulus at zero stress on loading, strain-hardening

modulus for loading, initial unloading shear modulus,

and strain-hardening modulus during unloading

N1 , N2  = constants.

For N - 0 the relations of ideal plasticity are obtained. Rounded

SD-V relations comparable to those obtained from experiments are obtained

for N between 1 and 10.

b. Implementation in the Code

The Bauschinger model is included in the SRI PUFF code as Model 5.

The special prameters and yield parameters used in the model are related

co the parameters above as follows:
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MU = M

0

YADD = 2M1/(p 1 + p2 )

MUUN = M
2

YADF = M 3/M1
YO = YI

XPO = N1

XP = N9

For simplicity in the program and in preparing the data, YADD can be

calculated from

y -Y
Y2 - 1

YADD = (67)

where subscripts 1 and 2 refer to the yield point and beginning of

unloading respectively. '4

The Bauschinger model reflects considerable detailed knowledge

about the loading and unloading character of a material. Therefore, it

is probably only worthwhile to use the model if the loading equation of

state is well known and some information is available about unloading.

Then the moduli can be estimated as follows: MU should be known. YADD

can be estimcted from static data such as Bridgemar's or dynamic results

such as Curran's on work hardening. MUUN is "- prinelple oarameter
a uuLermining the rarefaction velocity; hens3 it should be ca'efully

determined. The rarefaction velocity CR i

3 2

2 C+(2D-Cr) Mm +13 - 2 Dr) m
C
R

r 2 3 4 MUMN(8r+ (Cu m +DM -m

where

pAm = o

p = density at peak stress

= Grineisen's ratio (a constant)
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and the other parameters are defined following Eq. 60. YA)F may be

estimated as ].0 in the absence of detailed information on the material.

The exponent quantities will probably be between I and 2 for unloading

and about 10 for loading.

Our approich in developing a set of parameters for a material was

t) calculate as many as possible (i.e., YO, MU, YAI)I), r'n.; MIUUN) and then

to determine the others by trial. A small computer program was written

to compute the stress deviator-volume curves for loading and ut.loading.

The computed values were plotted and compared with the experimental

curves. Exponents ana YADF parameters were altered until the computed

curves were judged satisfactory.

Several computations have been performed with the Bauschinger model

to simulate impacts with 2024 9nd 6061 aluminum. Examples of the output

of these calculations arc given with the data correlation work of the

nrext section and with the test runs in Appendix I. The results have

shown that the model does accurately represent the material behavior.

The transition region near the yield point is not required for computations

with an artificial viscosity code: the smoothing is caused automatically

by the viscosity. Hence XPLU should be set 2 100. The unloading portion

of the calculated stress waves !2 genrilly smooth, simulating well the

appearance of recorded stress histories.

One defert has appeared in the present model formulatio.-. The

flinrd-Mn t:! !hc--r mn;dul. id i tod iiji as a conitant (which might be

obtained from static tensile or compression tests). In reality, MU

should vary with density probably somewhat like the variation in the

bulk modulus. In fact it may be appropriate to write either

2
MU MU +MUI + (69)MU MUU°  MU2M

or

MU a (MU /EQSTC) K (70)0

where

K a the effective bulk modulus provided by Eq. 1

MU = the initial shear modulus
0

MU1 and MU2 u constants
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Equation 70 reflects the finding of Curran (Ref. 17) that shear modulus

appeared to increase in proportion to bulk modulus. Either Eq. 69 or

70 could be used to make a smooth transition from MU to MUUN, the un-

loading shear modulus. Such a transiti( is certainly to be expected on

physical grounds in place of the jump in modulus from loading to unloading.

Our work with the Bauschinger model and review of the computed

results reveal the great importance of correctly computing the rarefaction

velocities. Any attenuation corputitions made without the Bauschinger

model for a material with significant strength may be misleading.

Peak rarefaction velocity, i.e., ve velocity of the leading edge

of the rarefaction fan, as a function oi peak stress level can be usea

to determine the correct form of the MU function. Our review of the

r ,refaction velocity data presented in Section IV.2.a has shown that MU

increases more rapidiy with stress than does the '-ilk modulus. Hence,

Eq. 69 may be preferable.
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SECTION III

EXPERIMENTAL METHODS

1. Theory of Data Reduction for Multiple Embedded Gages

An experimental technique has been developed to measure complete loading

and unloading paths (in the stress-particle velocity and stress-volume planes)

rather than discrete Hugoniot or release points. The shock or compression

need not be steady-state and the release may be nonisentropic. The technique,

which requires a spccial experimental configuration and a corresponding data

analysis method, is especially suited to examination of yielj point phenomena,

strain hardening, the Bauschinger effect, and strain-rate effects. The impact

experiments employ a target instrumented with a series of stress and/or

particle velocity gages embedded at several depths. During the experiment,

stress and particle velocity histories are re-orded. The data required from

the records are the apparent velocities of propagstion of stress and particle

velocity states from gage to gage. A rigorous derivation of the theoretical

basis for the data analysis procedure follows.

In one-dimensional flow the quantities stress, density, and particle

velocity are functions of one cartesian coordinate, x, and tme, t. The

gage analysis is based on apparent wave velocities associated ,ith constant

stress or particle velocity states as measured on records from successive

gages. We consider two as in the -t .. ; a path of constant stress

or particle velocity, and a path with a spe. equal to the particle velocity

(the path of the gage).

In general, for an observer traveling at velocity ( , the total change

of U and u with time will be given by

Tt 7Ft +(71)

"du au adt F + 7K (72)

Now consider a path of constant stress in Eq. 71, and a path of constant

particle velocity In Eq. 72. In this case C if defined as gl(,x.t) and

W(u,x,t) respectively and the total derivatives in Eqs. 71 and 72 are zero.
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dO ., U- = 0 (73)
dt  -t

du ) *u
dt= t 0

U and W are the velocities of portions 01 the U or u pulses with

respect to the fixed or Eulerian coordinates. Hence we have a relationship

between the partial derivatives with respect to time and space at a point.

Now consider the change of stress or particle velocity at the gage, that is,

along a particle path. Then = u, and

da 0 o 5 (75)
d-t - u

and

.u d u at.
+ t (76)

Substitution of Eq. 73 into 75 and Eq. 74 into 76 yields:

d3 (u - U) (77)= (u7

du u
dt (u -W) -(78)

which apply along a particle path. In order to integrate Eqs. 77 and 78 it

is necessary to replace th, partial derivatives by total derivatives. This

can be done using the equations of motion and continuity.

du (mot ion) (79)

- dt

d £ - 9 (continuity) (80)

where 9 a density. Substitution of Eqs. 79 and 80 into Eqs. 77 and 78

yields the follo ing bet of dif~erential equations:

dO du
dt dt(

and

du (W-u) do (82)
dt 7-*



By writing Eqs. 81 and 82 in differential form, using the relation, V I e',

and combining t e second equation with the first, the following rel'ioris

between 0, u and V are obtained.

dY = p(U - u) du (83)

du = -P(W - u) d' (8,!)

d = -p(W - u) (U - u) dV (b3)

rhe corresponding differential relation for interna! energy is derired from

the adiabatic relation, dE = - Od . With the aid of Eq. 85 the relatirn for

energy is

dE = 6 a (86)

P2 (U - u) (W- U

Equation3 83 through 8 are the desired a - u, u - V, or - V, and

E - a relationshins. The next step is to show how the quantities p( - u)

and Q)(W - u) are derived from rage records. Consider the case of two thin

foil stress or particle velocity gages located in the unstressed mhterial

at x and x . If the time at which a particular stress level reaches gage

i is t. (a) then we may defi,e a fictitious (bit readily measured) nge

velocity D as
g X - X

- i

Similarly, for a particular particle velocity, we define the ficttlUs

gage vel ity B 9
g x - x

8I

To relate D Md B to actual veloc~ties we m*ka use of the ccnnrvstiong

of rass be-cen the gages. The maus trsvcr*cti along say paLth with slope

dx ,dt, within tht f - t) plane* I.* given by

t

14 J <$( - u) dit

t
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where dx/dt is a velocity with respect to the coordinates and (dx/dt -u)

is velocity relative to the naterial. - particular, if dx/'dt U, the

velocity associated with a .tress R and t iand t 2are times at which the
stress reaches the two gages, then

t (a)

O(- u) dt

t (CF)

Because mass is conserved between the gages,

(2 (a)

M P x -x) =PD (t - t )W O1,U-udt (89)

t (a)

where the definition of D , Eq. 87, has also been employed. Evidently

P D is the time average of the quantity p(IU - u) between the gages. A

similar relationship holds between p B and p(W - u).

Bec~ause p is known and D and B are measurable quantities, we now
0 g g

are r-ble to integrate Eqs. 83 through 86 to obtain the result:

u(aY, X) = U+ dal 90
0p D (a,~ (9)

0

u

V(u'e 20 V, - f Bdu,) (91)

0

a

V(a, X) V 0dl(92)
0 2 D (a',x) al (a'l,x)

0



E(a, x) )E (C')
0 p2 D ) B (Ca ,x.)
oi
0

Eqs. 90 through 93 are the relations sought because they provide the

a - - V, Cr - V, and E - O paths during shock end rarefact4 -- regard-

less of whether the system is steady state or not. As long as suitable I
gages are available the 3pplicition of these equations is strsightfo:ward.

requires no special assumptions, and is capable of determining the entire

shock and release paths r-cessary for computation of propagation and

attenuation. In addition the release path measured does not depend on

prior knowledge of another material so its accuracy is as good as that

of any Hugoniot experiment.

If we consider only simple waves (no wave interactions or rate-

dependence) then a line of constant stress is a line of constant particle

velocity, and U = W. In this case D = B and the average compression
g g

and release paths may be determined with either stress or particle

velocity measurements alone. For simple waves the above equations

simplify to:

u = -ud.

0  

._

0 J g (94)

0f BU "

V(u) V- -- du

0 pof D2

u g

EV) E 0 + " 1 L (96)

Po a0 o g

0 1 J D 8  ( 9 )
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The c~rve: r1efined bL Kqs, 9Z to 97 do not necessarily lie on the

equation of state surface bcrtuse no steady-state or equilibrium condition

is -i.,plied by tc- equations. The com.putvd loadixg path for a shock follows

thb Aayleigb liki t therefore "ies abc-ye the equation-of-state surface.

If rate-depende;ce is l-mportant, the equatio.s may lead to a series of

noncoincie-ent rrtha (one oath ,or e*ch pair of gages) for the same material.

The foregoing set of equatione readily reduce to the more usual

forms whbn the sppropriate simplifying n eumptions are made. For example

in the ca. e of isentrooic f]b: (a in ideai release behavior) the quantity

(U u) in equal to the isentropic sotind velocity C. Thus Equation 94

becowes tho Ricnann integral since in this case D  p (U - u) - p C,

Zor steAdy state shock the wave profile measured by the gage is un-

changing in time. Therefore th? measured A t between gage records is

constAnt and hence D = B A constant. Since in general D (U - u),

we can evalaate D a- rzro ztre-s and D is therefore equal to (U -- uo).

Ry mak$.ng this .ubst-tution Fqs. 94 ,nd 9( 4mplify to the equetions for

the Rayleigh line in the k - u and C - V planes respectively. If

in this simple ctase Sqs. 9P', 95 -r'd 96 are integrated across the shock

front, we obtain'

1- a = Po(U- u) (u-u) (98)

1 - pO/p = U - u (99)
0

a - a p 2(U - U)(V - V ) (100)

0 o 0 0

Integration of Eq. 97 and simplification with the aid of Eq. 100 leads to

E-E = -- (o+ ( ) (V- V) (101)
o 2 o 0

Equations 98, 99, And 101 are the usual Hugoniot relations.*

A sample application of the multiple-goge analysis procedure is

presented in Section IV for aluminum.

*Peterscn at, al., to be published in Geophysical Ras.arch.
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2. Eximental Tecniues

a. Gas Gun Experimental Techniques

The SRI light gas gun described by Linde and Schmidt (Ref. 30) is used

.. ir impactIng samples with flying plates (thin-headed projectiles) to

produce plane stress shock waves below 100 kbar traveling inito both the
target and flyer plate. The projectile material and 7eloclty may be

selected for each experiment so that, for example, the projectile be~ad

may be of the same material as the target. This "symmetric impact

conf.'uration is oftfen used because it offers a guarantee that the

particle velocity in the target at the i.mpact interface will be exactly

one half the projectile velocity. If tht target exhibito steady state

flow, its Hugondot state is usually determined by measuring the projectile

velocity (and thus particle vclocity) aind the shock velocity in the

target and by applying the Rznkir e--Hugoniot conservation equations (jump I

conditions) to calculate the other variables.

Figure 8 illustrates t he experimental arrangement used In the pvyesent

V study to investigate loading and attenuation in alunihum and titanium
alloy at stresses below 50 kbar, The flyer plate may be bonded directly

to the projectile oz' may be supported by a !oam material In fron*11 of the

projectile as in Fig. 8, *ith the foers backing, the plate behaves

approximately as a free flyer and therefore can be used in attenuation

studie4. The bonded plate configurations are used for shots where onlyI loading is of interest.1~ iWlan very thin flyer plates were required, a foam backing surrounded
by a tubular alumilnum extension was &AOde to the projectile to support

ar_ alumium flyer plate (disk) at its circumference. The cavity behindK the flyer~ was filled with a rigid, low-density, high-strength poly-

ureth~ane foum to ensure that the flyer remained flat while th,5 projectile

was accelerated. lesiLs using in optical flat and. a monothrovatic light

~~f / source rhowed that the foam did not expand 'vher, subjec. sd to ty-'ical

barrel vacuums and the flyers remained flit to better thin tbree sicronn.

The shock impedance of this foam could bo neglected coiapared to that of

aluminum Although this assumption was not reqtiired 'in the derta szjalysis.
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T in. FLYER PLATE MANGANIN IN
ALUMNUMJ GLASS GAGE

FOAM FILLED h.
CAVITY 1,
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EXTENSION ALUMINUM TARGET

GA-6756-5

FIGURE 8 EXPERIMENTAL ARRANGEMENT FOR GAS GUN ATTENUATION SHOTS
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The stress history at the back face of the metallic specimens was

measured by means of manganin trai ducers embedded in glass. For the

shots with aluminum targets, a soda-lime glass was used with the

trans 'ucers because this glass has a shock impedar-e only slightly

below that of the aluminum alloys investigated. Therefore, to F good

approximation, wave interactions caused by reflections at the aluminum-

glass interface could be ignored. To minimize target-gage wave interactions

in the tests r"ith titanium, a lead oxide glass was incorporated in the

transducers in place of the soda-lime glass. This glass has an impedance

only slightly lower than that of titanium. The manganin transducers

are discussed further in Section 111.3.

b. High-Explosive Experimental Techniques

In the present study, specimen stresses between approximately 100

and 700 kbar were generated with high-explosive (HE) driver systems.

The three driver systems employed (Table 1) are of one or the other of
the two types shown in Fig. 9. The first system propels a thin, high-

velocity flyer for attenuation studies. The second, and simpler, type

of HE system is used in experiments which require measurement of the

loading state but not of attenuation or other unloading properties.

Both types of system employ an 8-inch-liameter plane wave generator

(P-80) to initiate a plane detonation wave in a cylindrical pad of HE,

which either directly or indirectly (see Fig. 7) accelerates the flyer
t across the flight path to the target. Specimen shock state measurements

ire made electronically with manganin gages or optically with a smear

camera or with a combinatiou of these twu techniques.
The first HE syrtem (Fig. 9, System E) was developes bj Erkman and

;hristensen (Ref. 22) to accelerate thin, high,-velocity, relatively stress-

free, unspalled Ov/ers, Such flyers are requirc,' to study shock attenuation ,.

and stress release in shwked material resulting from the trailing

rarefaction fon originati-ng at the back surface of the flyer (see Fig. 10)

Christensen found that when the plane wave generator was in direct

contact with an 1/8 in. thk aluminum flyer, the flyer would spall during

the experiment. To avoid flyer spalling, the air gap, buffer plate,
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Table 1

PARAMETERS OF EXPLOSIV'TY LAUNCHED FLYER PLATE SYSTEMS

Driver
Free-Surfa e Driver Particle

Explosive Flyer Syste Velocity1  Shock Stresst Velocityt

Ufs a u
(mmi/4sec) (kbar) (mm/ psec)

System B

P-8 + 4 in. fMX +1/16 in.
air gap + 1/4 in. 2024 Al 4.8 0.1 550*20 2.3*9.1
flyer + 1.0 in, flight +
3/16 in. 2024 Al driver§

P-S + 2 In. Baratol + 1/16
in. air gap + 1/2 in. 2024 Al
flyer + I in. flight + 3/16 in.
2024 Al driver§

System E

P-SC+ 2 in. Comp. B + 1/2
in. air gap + 3/4 in. Al
buffer + 1/S in. sheet 3.1 * 0.1 310±15 1.5±0.1
explosive + 1/8 in. 2024 Al
flyer + 1 in. flight + 3/16 in.
2024 Al driver§

All dimensions are uniform within 0.001 inch and s' :aces of all
components are flat and parallel within * 0.0005 inch.

The tolerances denote the range within which approximately 80 7ircent
of the measurements fall.

Plane wave -enerator 8 inches in diameter.

The driver thickness and material were varied in some of the experiments.

In one experiment the buffer thickness was 1/2 inch.
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ALUMINUM ALUMINUM GLASS~
FLYER TARGE7 GAGE

SMALL
\ AMPLITUDE

\ \\~'REFLECTIONS

RAREFACTIONS

FIGURE 10 A DISTANCE Ixi-TIME (t) DIAGRAM SHOWING SHOCK
AND RAsIEFACTION WAVES CAUSED BY IMPACT
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and sheet explosive (providing supporting stress at the back of the flyer

were added by Christensen and Erkman (Ref. 22). The resulting flyer velocity

Is approximately 3 nm/4sec, with planarity (uiwaltaneity of arrival) of

0.04 to 0.06 psec across a 4-inch-diameter impact surface. The vacuum

sy-tem shown In Fig. 9 is employed to eliminate the air shock which would

otherwise precede the impact. A typical experimental configuration using

System E is shown in Fig. 11.

The second type of HE system, represented here by System B and D

(Fig. 9), Is characterized by the fact that the high-pressure detonation

products act directly on the flyer (usually much thicker than flyers of

System E) to accelerate it across the free run gap into the target. System

B and D were demonstrated not to spal1 by letting the flying plates impAct

manganin stress transducers and examining the resulting stress histories.

The plmnarity of the shock front in the target obtained using these systems

is of the same order of magnitude as that of Syst m E.

2he objectives of t,. .11E experiments in this study were to measure

Hugoniot states achieved in tie Specimens, and in the case of the thin

Zlyer attenuation shots, to record the stress history during loading and

ualosding. in all the HE experiments Hugonlot states were determined using I
optical t-chnlques (Ref. 31,32), and stress histories were obtained

electronically using mngain C-7 strass transducers (Ref. 33).

Hugonlot state determinations in the HE experiments were simplified

by the observation that ihe study materials (*ith the exception of the

_ =three-dimensional weave material) supported a singlo-froot, steady-state -

ohock. Therefore, the lankine-Rugon iot conservation equations apply and f
t- . impedace match technique (Ref. 34) Is valid. Under these conditions

measurement of two shock variables allows the determination of the

Opecl*lt Bugolot stat*. In the present experimets the two variable*

measured were the driver free-surface velocity (or equivalently the flyer

velocity) and the specimen shock velocity. Since these velocities are

constant duriag tbh experiment (steady-state flow), they were determined

from time and distance measremmts. Back surface mirrors were positioned

al " S.
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at the planes of interest (e,0g., the front and back 3urface of the

specimen) and illuminated by a relatively long-duration, shocked argon

light bomb. These mirror, were monitored by a time-resolving high-

speed streak camera which recozded the relative times of the events of

interest (e.g., thp chock front arrival at the front and back surfaces
-8

of the specimen) by the very rapid (occurring in < 10 sec) changes In

m--ror reflectivities that resulted. With such optical methods

velocities can be determined to within 1 percent in a typical experiment.

To determine stress histories in HE e-periments, mmiganinlC-7 gages

(Ref.33) were mounted on the specimen. These gages record the entire

stress history in C-7 resulting from the shock transmitted across the

specimen C-7 interface. Ideally tlese experiments would employ a

transduei- medium which closely matched the shock impedance of the

specimen, to miniraize th- waves reflected back into the specimen from

the specimen-transducer interface (see Fig. 10). However, mangamin/C-7

gages were used in the HE experiments (in spite of being of lower shock

impedance than the study materials) because the manganin/C-7 gage in the

only one which has been calibrated at these high stresses. It is there-

fore fortunate that in all HE experiments the study materials support

only a single front shock (no elastic precursor or phase transition

wave), so interpretations of tht gage experiments are not complicated

by interactions in the specimen between the rarefaction reflected from

the interface and a complex plastic shock fi.ont. However, in the region

where the rarefacted waves reflfcted from the gagt-target interface

Sirterse,-t the rarefacted waves from the free surface of the flyer (Fig. 10),

the stress will hc.-ove tensile and t"r specimen may spall. The stres

release seen in C-7 Is therefore characteristic of tho interaction of

the two rarefaction fans.

In all HE experiments tbe transducers were standard 4-toriuinal 1-ohm

gages (Ref.33) with the manganin element (0.O02-inch-d&aeter wire flattemed

to less than 0.001 inch to minimize response time) set 0.010 Inch into the

C-7 from the %pecimmn/C-7 interface. It was noted that wben this particular

mangan it/C-7 gage configuratton was --hocked to -'45 kbar peak prosute

in C-7, a 60 to 70 my signal, conwly erme a polaris ation signal.oceurred.
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The signal appeared 30 to 40 nsec before the main pulse, correspoiding

to the shock transit time through 0.008 to 0.012 inch of C-7, dropped

to 10 to 20 mv as the shozk entered the manganin element, and decayedIto zero approximately 1/2 4:-v later. The signal is believed to be

generated by the leakage of induced charge in the C-7 throug'- the atv,

manganin element to ground. In the data analysis this sig--i was sub-

tracted from the transducer record to obtain the true stress history. T)I

compensate the gage hysteresis during stress release, the observed re1ative

resistance change of the mang in w-re is assumed to depend linearly on

axial stress (as during loading) but with the proportionality constant

decreased during unloading by 12-1/2 p-ircent for peak stresses between

130 and 160 kbar (Ref.33). Thus when AR/R, the relative resistance change,

has decreased to 12-1/2 percent of its peak value, it is assumed that the

axial stress has been completely released.

The shock front arrival and planarity at the transducer-specimen

interface was monitored optically by loc'Ung through the ground and

polished t.p surface of the C-7 transducer at the polish.ed specimen

below using the streak camera. For the study of nonmetallic materials,

the gage front surface was aluminized. This combined electronic-optical

instrumentation proved highly successful and is recomnended when detailed

shock planarity information is needed in conjunction with streos trans-

ducer information.

c. Manganin-in-glass Gages

The manganin-glass gage consisted of four terminal it netwrork

manganin elements (manganin ribbon 0.0005-inch thick and 0.025-inch wide

was used) wi. wercury-silver dental amalgam leads made b, back filling

' 1/16-inch noies ia 1/2-inch-thick glass gage blocks. Aluminum foil disks

(0.0004 inch thick by 3/16 inch diameter) were pressed onto the dental

amalgam-manganin ribbon juncture and a 0.003-inch-thick cover glass was

bonded over the face with C-7 epoxy. The aluminum foil disks extend

]C-7 resin with 6 percent activator A by weight, from Armstrong Products,
lI Inc., Warsaw, Indiana,
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the recording ti"~ (tYpicaily 2 usec) of these -raiisilucers by ;,intaning

good electrical contact at the ribbola-lead Joint during biaock loading,

Manganin tx-ansducors in sxia-lime glaes were cali~rated f1or pe:!'-

strssses up to 43 cbar by impacting test glass geages incoporating *

manganin ribboa elements at ;*o different depths, with Either 1Wcalox

or aluminuua flyers. Measurement of shock trana-'t time betweer the

gage- yields the si,=i velocity An the gl~sn. Sin-.c the Hugopnh t of the

proJectile material was known, the peak stress couad be determined by

the iertetia!ce mat, -h met~cd. The piezoresistive regponse me -ured in

rhesie tests w'as -i andt equal to 0.0029 0/' -bar, identical to that

previously obtainedc iii C-7 epoxy,

The !!ugon-iot and unlcading cIaracteristices of the soda-lime glass

were also detcriied irom these experiment, The resistaace--cinme

records geneiated by plate ii,~acts revealed that tne stress wave in

glass was steady state for bothi the compr, ssion and release portions

and that the shock velocity was cor-.stv A up tc 43 kbar. The conclusion

was that the Hugoniot and the unloading i3entrope are a single qtraight

line in the stress-particle velocity :'are, The glass shock impedance

measured in these experim~ents was p U=14.9 j: 0.1 g/cM3 Mu/i.sec. It is

interesting to compare this result with th-t of Fullvr and Price (Ref,35)

who investigated a soda-lime glass with a density of 2.46 gmcm3. The shock

impedance of their glass was some 10.percent lower than that of the glass

used in this work and their glass displayed strong dispersion of the

compressive wave. This indicate:, that density is not an adequate indicator

of dyxamic properties in different soda-lime glass. Indeed, discussiorlLIwith glass suppliers revealed that the composition of soda-lime glass can

vary considerably from batch to batch, even from the same supplier. Conse-

quently, all glass us!ed ir, this work was taken from a single sheet, with

the exception of tht 0.003-inch-thick cover glass.

Soalm gls (j-inco-tlickplate window glass), po 2.52 g/cc.

It olyrysalinealuin (A 2 )produced by General Electric Co.,
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Gags hysteresis wa; measured by impacting test gages with Lucalox

! flyers, The Lipedazce mj match between glass and Lucalox causes a series

of reerbertions in the Lucalox flyer. if all stresses are below the

elastic limit of Lucalox, the reverberating waves remain nondispersive

and the glass release states are well-defined, tht-s providing a release

calibration of the manganin in glass transducer. The results of release

calibrations for peak stress up to 43 kbar are sunmmarized in Fig. 12

which shows that the percentage drop in gage resistance lags the percentage

drop in stres. during release; ie., the gage exhibits considerable

hysteresis. The recorded stress histories were corrected for release

hysteresis according to this curve.

For tests with titanium a lead oxide glass called Hi-D was used.

The shock impedance of Hi-D is slightly lower than that of titanium.

Hugoniot measurements (Ref.36) on Hi-D glass have been performed in this

laboratory, and the glass used in these gages came from the same source

as that used fo2 the Hugoniot measurements. The IU-D gla,,s Hugoaiot is

a straight line up to 150 kbar with poU = 20.7 g/cm3 mm/nsec. The

previously measured piezoresistive coefficient of the manganin in Hi-D

glass transducer, is 0.0024 C/C kbar. (Ref.37).

I

89 percent PbO glass, po 6.2 supplied by Penberthy Instrument Company,

Seattle, Washington.
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SECTION IV

STUDY OF ALLHINUM

1. Introduction

For the study of aluminum the object ! -'es were to investigate stress

relaxation, unloading effects, and stress attenuation. The design of the

experiments was based on the data analysis technique outlined in Section

III, a technique which was still being developed. Aluminum was a partic-

ularly good choice for the experimental program because many of its

properties are well known, and even its unloading characteristics have been

studied (Erkman, Christensen, and Fowles (Ref.22) and Barker (Ref.23)).

Stress relaxation effects have been observed in some aluminum alloys.

Based on results of experiments at low strain rates, it was expected that

2024-T8 would be strain-rate-dependent while 6061-T6 would be relatively

rate-independent. Another reason for choosing aluminum was its high

experimental reproducibility, a property of special importance in any

basic investigation.

The two aluminum alloys selected for study, 6061-T6 and 2024-T,

were 'supplied by Kaiser Aluminum Company, Department of Metals Research,

Spokane, Washington. All sheets of each alloy (from 1/16 inch to 1-1/4 inches

thickness) were supplied from a single billet to guarantee uniformity.

The heat treatments, ageing, and rolling work hardening were those specified

by the standards for T6 and TS (Ref.38, 39). Table 2 presents a

summary of the alloy properties obtained from quasi-static and acoustic V

measurements. A description of these tests and detailed rssults are,

given in Appendix II.

The dynamic study of the two aluminum alloys consisted of:

0 Fifteen to 20 experiments on each alloy at four or five
nominal pressure levelq between 15 and 500 kbar, including

two series of impact experiments at stress levels of 50

and 300 kbar with specimens of various thicknesses.

* Leduction of the experimental data to obtain a complete

stress-volume relation for loading and unloading.

0 Wave propagation calculations to correlate with the

experimental stress records.
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Table 2

MEASURED STATIC PROPERTIES OF ALUMINUM ALLOYS

Yield Ultimate

Young's Strength Strength Poisson's

Alloy Density Modulus, (uniaxial (uniaxial Ratio,

p E tension) tension) V

(g/cm.) (kbar) (kbar) (kbar)

2024-T8 2.785 745 4.4 4.9 0.33-0.34

6061-T6 2.709 710 2.8 3.1 0.32-0.34

Notes: Densities are from a seri-s of measurements on each alloy.
Moduli and the two strengths are from quasi-static measurements
reported in Appendix Ili. Poisson's ratio is from both acoustic

and quasi-static measurements of Appendix II.

2. Dynamic Experiments

Both attenuation pnd Hugouiot-type impact tests were conducted on

the two aluminum alloys, 2024-T8 and 6061-T6. The gas gun experiments,

which provided considerable detailjd information about precursor and

rarefaction waves, are described first; then the HE (high explosive)

experiments are described. The experi-zntal configurations ard the

Hugoniot data obtained are summarized in Tables 3 and 4 and Figs. 13 and

14.

a. Gas Gun Tests

Seventeen gas gu.n experiments were performed on 2024-T8 nnd 6061-T6

aluminum using 1/16-inch-thick flyers to examine attenuation in these

materials. F)ur gas gun experiments were performed on 6061-T6 with

1/8-inch-thick flyers to examine shock propagation without attenuation in

thick targets. Targets for both sets of experimei, s were nominally 1/8,

1/4, 3/8, or 1/2 inch thick. The experimental configuration is shown in

Fig. 8. A typical set of manganin stress transducer resistance-time

records for four different target thicknesses is shown in Fig. 17. (The

ratio of target to flyer thickness is given as R in the figure.) The

blanking marks on these traces are used for time correlation of stress
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LALUMINUM (6061-T6)

32fmm SPECIMEN (R-21 644amn SPECIMEN (Rz4)

9.60W. SPECIMEN (R-6) 1L.m SPECIMEN {R*S)

FIGURE 15 TYPICAL MANGANIN TRANSDUCER
RECOROG 0OSTAINED FR(W
iWPACT IN 6061-TO ALUMINUM

gage data with impact time data. A more precise time base is provided

by a separate 10 M61z time wark trace (not shown). Aluminum-glass Interface

stress-time profiles obtained from transducet' records by c-rrecting for
gage hysteresis are shown In JPigs. 16 snd 17. Because of the good iLoedance

natch between %Lduminum a&W the glass transducers, the effects of refl-& too's

from the aluminumaglas interface on later portion~s of the incosing wav~e i

neglected for the inltiple-gae analysis uged to compute the coutinu.'!

stress-volzme relations. (This assumption was not mad& In calculatitW

Hugalot points nor in th., wave propagation comutation of 'he SI-PUPF

code.) The adequacy of the Impedance mi1tch 'Assu1tiOn vat; chocked

cxp ,rimentally with an "In-naterial" gag. in oue experiment. In that

test a maganin foil gag* (0.0002-inch-thick) was ;.. ;&C Iched b-4,tw, r'o two

layers of aluminum, using 0.01- imch-* hick mica as i~Altlom Oft each

fie- of the fail (thus producing an "in-material" gage). It io expected

that this sandwiched gage disturbs the flow field very slightly, but It

is not known how well the gage roop,-s* follows futerface stresses during
unloading. The record from this "In-saterial" gage Is in general stremeest

with the glass transducer record as shown In Vig. 18, although there are

differences. particularly in the unloading portion of the wave. ?beoe

differences show that the reflections from the aluminm-glass interfac*

say not be entirely negligible.

The er',or bounds of measuared impact time were excessive in somw

experiment* due either to tilt or distortion of the flyer. Improvi et

in the time correlation of tbe stress-time, prof iles of Figs. If and 17
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AT ALUMINUM-GLASS AND ALUMINUM-ALUMINUM
INTERFACES

was actieved by assuming that the steady-state portions of the wave,

both elastic and plastic, were propagating at constant (but, of course

diffe,ent) velocities. The positioning of the profiles in time by this

method gave elastic wave velocities that were in good agreement with the

longitudinal sound velocity measurements.

Average values of the product p D, (which we shall call instantaneous

impedance) as a function of stress were obtained from these profiles

(as described in Section 111.1) for both compressive and release waves

and are plotted in Fig. 19. Averaging was accomplished by measuring

P D as a function of stress for every combination of profiles in Figs.

16 cnd 17 and then weighting each p D value according to the initial

ditance between gages, This weighting procedure was used since the

nmarureseat error was a fired time increment, and therefore the percentage

error should be smaller for the larger separations. These ata then

provide the required information to integrate the momentum relations
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FIGURE 19 AVERAGE INSTANTANEOUS IMPEDANCE p D AS A FUNCTION
OF AXIAL STRESS FROM 50-kbar EXPERIMENTS IN ALUMIWUM

(Eqs. 100 and 101 of Section 111.1) in the stress-particle velocity and

the streso-volume planes. These integrations result in the compression
paths, Hugoniot points,, and release adiabats 1s g. 20 and 21. As

I! expected, both of these figures show a significant u-.-ference between load-
inmg and unloading paths. This hysteretic effect contributes to energy

lossesq and attenuation.

The measured Hugoniot elnstla limits (HEL) for these aluminum alloys (4.3

kbar for 6061-T6 and 5.5 kbar for 2024-TB) are in fair agreement with the
static yield strength from uniaxial stress experinents. According to either

von Nives or tresca yield criteria (with a Poisson's ration of 0.32), the HEL

should be 1.9 times the static yield strength, if strain rate effects are

negligible.

*The relation between HEL and yield strength is given In Sec~inm V.2 as Eq. 104.j
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While the HEL's do not 'how a strain rate effect, the stress-time

profiles of Figs. 16 and 17 show a nonsteady-state yielding zone (elastic-

plastic transition) that extends from the HEL to approximately 1.8 times

the HEL for both aluminum alloys. The wave propagation in this yielding

zone is dispersive with a time-independent, stress-dependent local

disturbance velocity, a condition which generates a single distance-

and time-independent compression path in the stress-particle velocity and

stress-volume planes. The HEL is the stress at which dynamic yieldin-

begins (corresponding to the proportional limit of tensile experiments)

and may be measured by noting the maximum stress for which the elastic

precursor is steady state. The HEL one obtains by this definition differs

little from that obtained by other definitions based on the shape of the -
precursor profile. However, this definition provides a more rational

basis for the selection of the HEL Ance the slope of the stress-strain

curve will be a straight line up to this stress, but not beyond. The

fact that yielding extends over a wide stress range for dynamic loading

suggests that rate-dependent phenomena may play a role in the precursor

formation. However, the HEL did not very with propagation distance in

these experiments ,probably because of the relative thickness of the

targets studied. The HEL would be expected to attenuate with propagat.-n

distance at very early times and over very short distanceP The wae

shape between the HEL and the main wave can be predicted by a rate- I

independent mechanism: t e rounded stress-vol] me relttion in the vicinity

of the yield point.

Release adiabats measured with the above-described multiple gage

technique were markedly different from those predicted by simple elastic-

plastic theory. The elastic release modulus and the yield strength were

both larger then predicted, and no well-defined yield point was observed

during release.

Rarefaction velocities were obtained 8s a function of stress level

from the low-stress experiments. This computation was possiOle because4

of thu uod impedance match between the gage material and the smples.

Thu rar nction velocity was obtained by observing the first reduction
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in stress from a flat top in the Hugconiot experiments. The resulting

rarefaction velocities are shown in Table 5 as a function of stress

level. As expected these velocities are well above the zero Dtress sound

velocities. Considerable judgment is involved in selecting the point

of arrival of the rarefaction wave ,and therefore it is not surprising

that there is some scatter in the data.
b. HE Experiments on Aluminum

The HEL was overdriven in all HE experiments on aluminum alloys.

The Hugoniot data from the HE experiments were obtained using techniques

described in Section 111.2.b and the results are presented in Figs. 13

and 14 and Tables 3 and 4. These results are in good agreement with

other Jugoniot data on these materials as shown in Figs. 13 and 14.

To allow measurements of the stress histories during loading and unloading,

three thicknesses of each alloy (approximately 3/8 inch, 1/2 inch, and 1

inch) were Impacted by 1/8-inch-thick stress-free flyer plates traveling

at about 3 ma/&sec (EII system 2). The ishot configurations are shown In

Fig. 9 and the Instrumentation to described in Section II1.2.b. Profies

for each of these thicknesses obtained 'From the manganin C-7 transducers

as'e shown later In the section (Figs. 24 through 26 and 30 through 32), in

combination with the corresponding calculated stress histories. The 1-inch-

thick target experiments were designed to show pvak stress attenuation;

therefore those experiments do not yield !hagoniot 455a and do not appear
in Tables 3 sad 4.

3. Calculations for 2024-TB Aluminum

Uperimental stress records used for calculationol comparisons of

Phock attenuation were obtained at two stress levels in 2024-TB sluminumi:

50 kber and 300 kbar. The high stress date were obtained with a manganin

transducer embedded In C-7 epay, The Impedance mismatch between C-7 and

slumir-u* is so severe, that the resulting stress records could not be

readily used with the analysis procedure described in Section 111.1. The

tests at 50 kbez employed a manganin gage embedded In glass with an

Impedance very similar to that of t~ae aluminum. Therefore, the latter

data were used to develop the Bouschinger parameters. PMF calculations
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Table 5

ALUMINUM PEAK RAREFACTION VELDCITIES

Initial Peak Rarefaction*
Material Velocity* Stress Stress Velocity

(uut/JWec) (kbar) (kbar) (mm//.bec)

6061-T6 6.2 45.6 45.6 7.3

606-T64564.68

6061-T 45.6 30.0 6.1

6061-T6 45.6 20.0 5.6

6061-T6 45.6 10.0 5.3

6061-T6 6.51.0 17.0 6.8

6061-T6 6217.0 10.0 6.2

6061-T6 17.0 50.0 6.6

2024-T8 6.5 49.6 49.6 7.7

2024-TG 4c~ 6 45.0 7.4

2024-T8 49.6 40,0 7.0t

2024-T8 49.6 30.0 6.4
2024-T8 49.6 20.0 5.9

2024-T8 49.6 10.0 5.6

2024-TB 6.5 17.5 17.5 6.8

42024-T8 17.5 10.0 6.1

2024-T8 17.56 5.0 5.4

Wave velocity of the compressional precursor at the zero stroe . ,
(equal to the longt".dinzl sound velocity).

Waevlct fJotn deo arfcinfnmauo ihr4m

to the aterial at that point.

Wae elctyofA ito egeo !r~atiU anmasre wt 83pc
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were then made to compare with the experimental records at both stress

levels. The stress gage data from four low-pressure experiments on

2024-T8 aluminum are shown in Fig. 16 on a common time base, with the

impact time at zero. Sets of values of p D were obtained from each peir

of records through the use of Eq. 87. With measurements on all possible

pairs of records, six curves of p D vs stress were obtained for the

2024-T8 aluminum. The composite p D-stress curves shown in Fig. 19

were the basis of a numerical integration of Eq. 101 to obtain the

stress-volume relation shown in Fig. 22. To guide in the interpretation V

of the relation, a computed pressure-volume relation is also shown. The

loading curve of Fig. 22 exhibits an elastic limit at 5 kbar, but the

Rayleigh line passes between 10 kbar and the peak stress. Hence,there is

a range of gradual yielding from 5 to 10 kbar. This effect is more

evident in the plot of deviator stress, Fig. 7. (The deviatoric stress

curves are taken from the difference between the stress and pressure

curves of Fig. 22). The 5-kbar level is the magnitude o# the elastic

precursor. The 5 to 10 kbar yield region is associated with a gradually

increasing stress between the precursor and the main wave. The unlcading

s0

40

130

~~I0

to

bi (13 03 03 N -0 OO m "

FIGURE n. STRUS-VO.UMS PATH REOUCED FRWO DATA FOR 20i-TO ALUMINUM
AND A CO&MJ1TS PROSURE-VOLUME RELATION
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curve is smooth: the sharp unicading yield point predicted by the model

of ideal plasticity is not present. The slope of the unloading curve
at the peak stress is noticeably steeper than the loading curve at zero

stress. This Increased steepness is probably associated with the' larger

(10 to 20 percent) bulk modulus and larger shear modulus at the higher

stress. Near the point of zerc stress after unloading, the deviatoric

stress and hence the yield strentth appeet to be two or three times as

jlarge as they were during the initial l~ading.
The ten unknowns introduced in Eqs. 60 through 65 for the

Bauschinger model -- C, D:S MI, bb, M3, Y1, Ni~~fld N, were

determined by watching the experimental load-unload S-V curve with the
anlyialcuvs."Its required a certain amo~.'t of trial and error

and the resulting set of values is by no means uniq~ue. The form of the

modulus variation appeared to represent the dots iery wtall: the fit to

the unloading curve is shown in Fig. 7 for ft n 1.5. The compated valuesj of the parameters are shown in Table 6.

Using the Bauachinger parameters from Tablc 6 * a PUFF calzalation

was made to compare with the experimental streas records shown In Fig.

16. After several tries we obtained the set of computed re-cords

shown in Fig. 23. These records were obt~ained using the paramter values

in parentheses in Table 6. The rarefaction velocity woo too small so It

arr~eared necessary to augment the unloading *hear oodulus. In fact,

there io still dtot enough attenuation in the computed records so that

possibly even a higher K3~ should have been used. The curvature 91 of

the initial loading function was essentially echums, od by giving It a

large value. With M1 a 6000, the ftinction has a sharp yield. The

com'puted stress records, however, show about the rigit - sount of rounding

at tht.~ procursor front because of the artificial viscosity.

The comparison of experimental *ad computed stress records in

fig. 23 exhibits the following features.,

e Th. arrival Inee are satisfactorily predicted by the .

C, D.f 1nS
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Table 6

PARAMM~TRS ZOR THE B&USKiIPI3R MMDL
FOR 2024-TE and 6061-T6 ALtUIWKIM

Parameter 2024-TS 6061-T6

F.QSTC (dynes/em2 ) 7. 60 X 1&0J 6.67 X UP~

EQMT (dyrkes/coe~ 1. 50 x 1O , (1.0 x 1&')

NJ (dyne-,'cm) 3.0 X 1O ' 2.67 x U

U2 (dynes/cv?) 7.63 X UP3.79 X &.1

M 3 (dynes/Cm) 4.43 X 1&1' 4.67 X 1

V, (dyns/cue 2.18S X 1&' 3. 79 X 1Lr

Y, (dy,.es/cw~ 4. 0 X 10P 3. 21 X 1ff

6.0 6.0
f6000) (00

Not*, Parenthetical valus are the final values

obtained bv copring the PUFF calculations

with the expotmentai stress recrds.



0 The unloading arrival is fairly well predicted, and the
shape of the unloading curve is well matched.

Figures 24 through 26 show the experimental data from the 300 kbar

shots and the corresponding computed records. Thc computed preoictions

are very close for the thin targets (Figs. 24 and 26) but the computed

stress ib 30 percent low for tne thickest target. These calculations were

made using th3 same Bauschinger parameters as for the low stress computa.-

tions. Hence,it is not surprising that there is some disagreement in

magnitude.

We concahde then frkv the comparison of all the results for 2024

that the form of the Bauschinger model is well-suited to represent

2024-T8 aluminum; however, some changes in the parameters are required to

quantitatively predict strezs amplitudes.

4. Calculations for 6061-T6 Aluminum

Impact nests used for calculational comparisons were conducted at

50 and 300 kber, the high stress tests with a manganin C-7 gae and the

low stress tests with a manganin glass gage. The series at the low

&tros level was used in the analysis presented in Section I1 1 to

obtain the Bauschinger and equation-of-state parameters. Then PUFF

calculations were made to compare with the experimental records at

both stress levels.

The determinAtion of Bauschinger parameters will be sketched briefly

here: it follows the same procedure as that for the 2024-T8 aluminum.

The series of experimental stress records is shown in Fig. 16. The

plot of p D versus stress derived from these records is shown in Fig.

19. The resulting stress-volume plot and stress deviator plot are

shvwn in Figs. 27 and 28. The computed Bauschinger parameters are

listed in Table 6. The PUFF computations based )n these parameters are

shown in Figs. 29 through 32. In general the results of comparing the

computed and experimental c,,. es are similar to the results for 2024-T8

aluminum. There is qualitative agreement between prediction and experi-

ment but attenuation predicted i3 not sufficient; hence,the unloading,

or rarefaction, velocity is higher than expected. The differences that
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FIGURE 24. COMPARISJN OF COMPUTED AND R~ECORDED STRESS HISTORoES
FROM SHOT 13,532 IN 4.48-mm-THICK 2024-T8 ALUMINUM TARGET
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FIGURE 25. COMPARISON OF COMPUTED AND RECORDED STRESS HISTORIE~S
FROM SHOT 13,532 IN 8.96mm-THICK 2024-T8 ALUMINUM TARGET
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FIGURE 26. COMPARISON OF COMPUTED AND RECORDED STRESS HISTORIES
FROM SHOT 13,529 IN 25.42-mm-THICK 2024-TB ALUMINUM TARGET
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FIGURE 27 STRESS-VOLUME PATH REDUCED FROM DATA ON 6061-T6 ALUMINUM
AND A COMPUTED PRESSURE-VCLUME RELATION

exist between the cAlculated and measured unloading portions of the

a&ves indicate that aifferent values of the Bouschinger parameters

should pe mit a better quantitative match between computation and experi-

Ment.

15. Sumaryof esults
The results of experiments and theoretical calculations with 2024-T8

and 6061-T6 aluminum fall into three main categories:

0 Bsuschinger effect: pronounced Bauschinger effect in both
alloys governed the speed of rarefaction waves, the shape
of the unloading portion of stress waves, and the stress

attenuation rate. The apparent shear modulus was 60 to
70 percent larger for unloading from 50 kbar than for initial

loading. No unloading yield point was observed; rather
a gradual transition from elastic to plastic behavior

during unloading, with a continuously decreasing shear

1modulus, was observed.

* No significant stress relaxation effects were observed in
the dynamic experiments with either alloy for the specimen
thicknesses (1/8 inch and larger) studied; this result is
in accord with the experimental observation that little

difference was observed between the 6tatic and dynamic
yield strengths for plane strain. This result does not
preclude the existence of stress relaxation effects at
very early times.
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I

. A large elastic-plastic transition region in the stress-
volume plane was observed in the vicinity of the HEL for

both alloys. This convex-upward region f negative

curvature leads to a gradually rising nonsteady-state

stress profile between the precursor and main wave.
Errors of 5 or 10 percent may result in calculated Hugoniot

points if this region is ignored and a simple one- or two-

wave structure assumed instead. Fair correlation was
obtained between the stress records and the stress histcries
calculated on the basis of the Bauschinger model in the SRI

PUFF 2 code. The model appears to represent both alloys

qualitatively, bu' the numerical values of the model
parameters for each meta] require further Lnvestigation.

-!
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SECTION V

STY OF TITANIUM

1. Introduction

The preliminary investtgatLin of titanium alloys was directed

toward establishing Hugoniots in the low stress range, measuring shock

attenuation, examining strain rate effects, looking for phase transitions,

and observing the stress wave appearance.

For structural purposes, titanium Is usually alloyed with other

materials to improve its mechanical prop.rties. rare titanium is in the

alpha (hcp) crystal phase at room temperature. Eut with the addition of

certain alloying metals, the high-temveratt:,,e beta (bcc) phss can be

retained zt room temperature.

These alloys were selected: type 50A, commercially pure (99.2 per-

cent) titanium, that is, all alpha phabe; Ti-6AI-4V (6 percent aluminum,

4 percent vanadium), an alloy with mixed alpha and beta phases; and

Ti-13Cr-1lV-3A1 (73 percent titaiiium, 13 percent vanadium, 11 percent

chromium, 3 percent aluminum), an alloy that is all beta phase. The

Ti-6AI-4V alloy was sel3.cted because it is a material of practical

importance that has been studied at intermediate strain rates, where it

exhibited strain rate sensitivity (Ref. 8). The 5OA titanium and Ti-l3Cr-

IlV-3AI were chosen to study independently the behavior of each of the

constitutent phases of the Ti-6AI-4V allty.

Th- titanium alloy- were supplied by Titanium Metals Corporatioc of

America, Los Angeles, in thicknesses of 1/16 inch to 1-1/8 inches. tt ed.

not - pear to be economical nor possible within the titpc roquiromonts to
form all sheets o; an alloy from a aingle billet. Thirefore,the manu-

facturer selected sheets from billets with a nearly identical chemical

co"position. All sheets were supplied fully awubealed, and no tmpering

or work hardening was performed at SRI on the L.heets.-

A table of quesi-static mechanicas properties of these alloys is

Included here for reference (Table 7). Sme of the information was ob-

tained from our quasi-static and acoustic measurements listed in Appendix

I, some from Molchanova (Ref. 42), frmm Titanium Metals Bulletis
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Table 7

PROPERTIES OF TESTED TITANIUM ALLOYS

Young's Yield Poisson's

Alloy Density Modulus Strength Ratio Phase a

(g/cm) (kbar) (kbar)

Type 50A 4.507 1070 3.5 0.328 alpha

Ti-6AI-4V 4.424 1210 9.5 0.314 alpha

and beta

Ti-13V-ICr- 3A 4.839 1040 9.3 0.732 beta

Alpha phase is hexagonal, close packed; beta is body-centered c,'bic.
The percentage of alpha and bet in Ti-6AI-4v depends on the heat
treatment. Both Ti-4A1-4V ai i-13Cr-lIV-3A1 are heat-treatable.

(Ref. 42, 44), and from Harman (Ref. 45). The Young's modulus varies

from 1000 to 1200 kbar for all the heat-treatable alloys, depending on

the heat treatment. It is lowest, of course, for annealed al1ys (and

.ur pure alpha, which is not sensitive to heat treatment), higher for

a solution treated al'Dys, and highest for aged and solution treated.

Hence, particularly at low stresses, one would not expect a unique

Hugoniot for a heat-treatable alloy. The Hugoniot for pure titanium is

given by McQueen and Marsh fRef. 46).

U = ..779 x 105 + 1.089 U (102)
s

where U and U are shrk and particle velocity in centimeter/second.

The corresponding PUFF-form for the Hugoniot is

P = 1.028 x 0 12 ; + 1.21 x 10 12 + 2.06 x 10 11MA3  (103)

where is pressure in dyne/cm.
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2. Dynamic Experiments

Both gas gun and HE impact experim-its were conducted on the three

chosen titanium alloys. The experimental arrangement for the gas gun

tests was similar to that used for the aluminum impacts (Fig. 8), except

that titanium flyer plates wero bonded directly to the aluminum projectile

and mangaaiin in Hi-D glass transducers were used. Configuration B

(Fig. 9) with manganin in C-7 transducers and optical instrumentation

were used for the HE experiments. The Hugoniot data obtained from these

tests are summarized in Figs. 33 through 36 and Table 8.

The present data for type 50A titanium agrees closely with data

from studies of Walsh et al. (Ref. 47) and McQueen and Marsh (Ref. 46).

They used a gap technique that is not capable of resolving multiple

shock waves associated with phase transformations. In spite of the phase

transformation (described later) beginning around 50 kbar, there is good

agreement between our data and theirs. This indicates that the dynamic

phase transition is associated with only a small overall density change

and has little effect on shock velocity,

The Hugoniot points above 100 kbar were obtained with the HE system.

In all HE experiments the elastic wave was overdriven; therefore, a steady-

state, single-wave analysis procedure (the impedance match method) was

used to reduce the data.

In te gas gun experiments, the maximum stresses were below 100

kbar. The precursor, a second wave associated with a phase change in

the case of pure titanium, and a gradually increasing stress between

waves were in evidence in the stress transducer records. Two of these

records 're shown in Fig. 37. The tipper figure shows the wave

-aused by the phase transformation. These complexities in the wave

front necessitated the use of the integration procedure of Section III.1

to determine the stress-volume and stress-particle velocity relations.

The results of these integrations are shown in Figs. 35 and 36.

The static yield strengths and Hugoniot elastic limits from the gas

gun experiments on the three alloys are listed in Table 9. (Neglecting

strain-rate effects, the HEL and static yield strengths of an Isotropic,

* See Section 1Ii.2.c
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Table 6

tUONIlOT DATA NRa TtHEE TITA14IUM ALLOYS

UTitanium,* Type 50A. P0 4.51 g/en
3

r Final Hugoniot State

ISpecimen Axial Particle Specific Shock
au V U

G -() (kbar) (m/Afte. (m (sm/1"c)
G569 Gas gun; projectile

velocity - 0.466 ms/Wec 9.93 56.5 0.233 t 0.211 -

0 404 Gas gun; projectile
velocity . 0.515 Min/bec 9.95 62.2 0.258 0.210 --

73,526 HE system D;odriver free
surface velocity - 1.56
out/ptac 5.09 211 0.835 0.189 5.63

13,527 ME system 9; 1driver free
surf ace velocity . 4.85

=/#Mac 4.83 679 2,14 0.154 7.01

STitanium, "Ti-l3r-Ml-3A, a.- 4.84 g/cm"

a0819 Gs gun; projectile

velocity - 0.519 M/lbec 8.97 70 0.259 0.197 --

13,524 HI system D;1driver free~
surface velocity - 2.04
mm/Case 6.76 2.4 0.815 0.178 5.94

13,527 HE system 3; driver free
surf ace velocity - 4.85
m/Dbec 6.54 712 2.05 0.147 7.13

0 Titaniumt Ti-6Al-4V, p * 4.4?' g/ena

0 791 4Gas gun shots. average 19.5 too

0 Usl0 Projectile velocity . .- 65.*0 0.258 0.216

* 0.001 M/.fc 3 .72

13,5.3 HE system D0; driver free
surface velocity . 2.10 in/psec 5.52 (237) (0.845) (0.193) (5.00)

13,32? 31 syatem 8; fdriver free I
surface velocity - 4.85 ma/paec 4.a4 712 2.06 0.147 7.13

The following intermediate state1I wore observed on Shot G589: an ML of U * 12.6 khar,
u 0.0404 mat/Owe, V - 0;219 cm /g; end a phase transformation at if - 50.0 kher,

a a 0.30 su/Ibec. V - 0.31 3 cM3/#.

Takes to be out-half the projectile velocity.

*Is Shot 13, 824 a C-7/meagooin stress transducer on the T1 specimma recorded a final stress
-: 0 hber. The on-Ilugoniot perticle Velocity associated with 82 khar in u - 1.48 mat/$ec.

This 0 -w state represests an experimental determination of a point on the release adisbat
en Ti Shoked to 211 hber.

ftSe Table I for description of ME ysem.
On Shot 06$19 the ML wamoeured to be if - 34.4 kbor. u . 0.1215 WOWe, V - 0,302 en /$.

Or* Shot 13.534 the specimen free-surf ace velocity was observed to be 1.0 1 0.3 in/linac. The
lar" euperlwental uncertainty ia caused by a lorg Shock tilt.
OR Shots 0 791 sa 0 US5 the average UL9 was dotermismed to he 0 - 16.0 khar, u . 0.033 =IRiAc,

V . 0.224 cm5 /6.

A-gMrowe date frate shots 0 791 ad G m1.

Large experimental uncertaisty darn to poor transit time mirror cutoffs mnestreak cinero record.
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Table 9

COMPARISON OF STATIlC AND DYNAMIC YIELD STRENGTH IN TITANIUM

IHugoniot HEL predicted
Static Elastic from static yiold

AlyYield Limit and Poisson's ratio
(kbar) (kbar) (kbar)

Type 50A 3.5 12.8 6.d5

Ti-6AI-4V 9.5 15 17.5

Ti-i.r-±iV-3AI 9.3 34.4 18.4

homogtaeous material obeying a von MiseE or Tresca-type yield criterion

It are related by

1E 1 ,Y (104)

This equation was used to calculate the values in the fourth column of

the taible.) The HEL's for the type 50A tit~nium and Ti-l3Cr-llV-3AI

alloys are nearly double those calculated from the static data (column 4

of Table 9). By constrast, the observed HEL for Ti-6A1-41V is lower
than that calculated from static data. In the stress~ recores the Ti-6.4.-

4V allo . exhibited a wide yielding zone between the precursor andI main

wave. extending from the HEL to 2.3 times the HEL (an example of such a

range is shown in Fig. 37b). The jtt~er alloys showed a smaller yielding

zone (in type 50A, the yielding zone extended only to 1.3 times the HEW).
The extensive yielding zone in Ti-6A1-4V is caused by a Significantly

rounded yield "point" in the stress-strain curve. This rounded yield

b point also helps to explain the occurrence of a low HEL. The experi-

ment ily measured HEL actually corresponds to the 'proportional limit,"

thel stress at which the st esstrain curve first deviates from~ a

linear relation, Normally, the proportional limit is soewhrt smaller

than the so-called yield strength (0.2% offset definition used here).

For a well-rtouixted yield point, the proport~onal limit could be much

lower than the 0.2% offset yield point.
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FMUME 37 MANGANIN STRESS NECORDS I
FRom rEsT 06m ON TYPE wA
TITANiUU AND TES- G791
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The disparity in dynamic yield behavior of tha three titanium alloys

indicates that low strain rate yield data are not adequate to predict

dynamic yielding in these metals. The large increase in yield strength

Ifor alpha and beta titanium at high strain rates is some justif Lcation

for the inclusion of a rate-dependent yield criterion in wave propagation

calculations. However, attenuation of the elastic precursor (a definite

sign of strain-rate effects) was not observed in any of the titanium experi-

ments over propagation distances ranging from 5 mm to 9.5 mm. This does

not imply that stress relaxation does not occur over distances less than

5 mm. The work of Isbell and Froula (Ref. 48) a very thin targets indi-

cated that although stress relaxation was important over short distances,

no further relaxation occurred after propagation distances of 7 mm; this

is consistent with our results.

As mentioned above, Indication of a dynamic phase transition was

observed in type 50A titanium (see Fig. 37a). Shock loading to a peak

stress of 56.5 kbar caused the plastic wave to split into two waves,

;.hich is the effect produced by transformation times that are comparable

to or less than the wave transit time. The separation of these waves

was very small even after transit through a 3/8-inch-thick sample, idi-

L cating that the overall volume change associated with this transition or

partial transition is small (approximately 0.2 percent). The transition

stress was 50 kbar and the transition was overdriven in subsequent expert-

meats at a stress of 62 kbar. Our observation of much a transition was

subsequently cc.r~borated by Isbell and Froula (Ref. 48). No such

transition wave was observed in either TI-GA1-4V or Ti-l3Cr-lV-3A1

titanius; however, any such transition is expected to occur at different

pressures in these alloys, and the east with which the transition wave

can be overdrien in 50A titanium suggests that it may take cmsiderable

investigation to discover a like transition In the other two alloys.

Rsvefactlon velocities were obtained ams a ftuctim of stress level

from the low stress experiments. Thase velocities are shown In Table 10

as a function of stress leve l. These rarefaction velocities appear to

coincide w7 th the shock velocity of the MEL (except in the case of the all
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Table 10

RAREFACTION AND SOKVELOCITIES IN TITANIUM ALLOYS

Wave Velocities

Initial
Shot Peak Release

No. Material Stress To HEL To Peak from Peak
(kbar) (in/psec)

G 604 Type 50A 62.0 6.1 5.05 6.1

G 791 Ti-6Al-4V 65.0 6.3 5.20 6.3

G 818 Ti-WA-4V 65.0 6.3 -- 6.3

G 819 Ti-l3r-llV-3A1 70.0 5.8 -- 6.2

bet~s alloy). Such a coincidence of rarefaction and initial shock velocity

is actually predicted by the model of perfect plasticity. Hence, this

simple plastic model might be sufficiently accurate for titaniur alloys:

the wore complex Bauschinger model would not be required. A determination

of the appropriate model should, however, be made from a comparison of

computed &noi experimental aLress records.

3. Initial and Terminal Observations of Shocked Titanium Sp cimeras

Initially. the 50A titanium ("*$-received") had slightly elongated

grains of about 30 )A diameter. The average Vickers hardness (500 grama

load) was 142. Based on the relative Intensity of X-ray reflection from

flat speciments, one may conclude that there Is some preferred orientation

of the grains. After shocking to 56 kbar, the Vickers hardtwss of~ onc

specimen had Increased to 200. Microstructural changes 3r-e clearly

evident in this specimen. Nearly all the grains appear heavily marked

with parallel aets of lamellae which, for the most part, complet~ly

traverse a grain (see Fig. 33). However, some grains show addi tomal

markings that do not appear to be twins but which more closely resemble

a transformation structure. X-ray diffraction emaminatice of t'le shock-

loaded sample disclosed no evidence of new pha&es; so any transformation

taking place during the shock must have r..rerted to alpha on release of

pressure.
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FIGURE 31 PWHOM-CRCOGRAP OF TYPE SOA
ITANRJ i PLE AFTER EING

St4OCKIO TO s kbm

Deribas et &I. (Ref. 50) have described experimentS in which titan-

iu was shock hardened to 400 Vickers. 1hey report a microstructure

characterized by "miense distortion," similar to that observed in iro

shocked to pressures in excess of I./ kbar. They do not specity the

pressure used to obtain this result; froam tie; ;'-*- "scription of

the experiments, we can estimate that vpresures i the rauge of 150 to

400 kbar were uw -. While positive Iden".ificatloo of the high-pwasur.

pbsr e is not possible, it is provimpod to be the well-*t"own oamo

(hexagonal) phase know to ex.1st ior some titanium aAd zirconium alloys.

Accordiag to Jontesc (Ref. 49), the volume change for the alpha-ufta

transitiom in pure titanium is ab ut 2 percent at I atn. Me reported

that the a ga jase of titanlim con be retsIned at I *tn. It that it
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reverts to the alpha structure after prolouged heating at 110
0 C. Deribas

et al. (Ref. 50) did not report the presence of omega phase in their

hardened specimens, And it appears likely that the residual temperature

of the shocked Litanium after release of pressure was too high to permit

survival of omega in their experiments.

Our present interpretation of our experimental results is that a

partial transformation of alpha titanium to the omega phase took place

at a pressure of 50 kbar. (Th#, pressure required for the static transi-

tion is not known). A volume change at the transition of at most 0.2

percent may be inferred from the transducer records. If one assumes

that the volume change for the alpha-omega transition at 50 kbar is

rou6,ily the same as the 1-atm volume difference measured by Jamieson, it

would appear that about 10 percent of the alpha titanium transformod in

this experiment. This result is consistent with both the present metal-

lographic results and with the increase in hardness observed. One may

infer from the results of Deribas et al. (Ref. 50) that a large pressure

excess is required to drive the transformaLlon to completion in the

microseconds or submicroseconds available in shock experimen'i. Titanium

thus appears to behave in a manner similar to that of iron (Ref. 51).

Although the transformation of iron to the epsilon phase has been inferred

to begin at shock pressures as low as 120 kbar, complete transformation

requires a shock pressure of about 160 kbar. In the case of pure iron,

the high pressure phase is not retained on release of pressure. The great

hardening effect observed in shicl. loaded iron has been attributed to the

dislocation structure produced by the transformation of epsilon to alpha-

iron on release of pressure. Thus, alpha titanium appears to undergo a

phase transformation initiated by a shock stress of 50 kbar and completed

in the range of 150 to 400 kbar. The extent of transformation depends on

the stress level reached. During unloading in titanium, the high pressure

phase (probably omega) is retransformed to alpha with a considerably

higher hardness than the original material.

The microstructure of the shocked alpha-beta alloy (Ti-6A1-4V) was

indistinguishable from the unshocked material. The virgin material had

a Vickers hardness of 300 (500 gram load). The shock loaded specimen had

a very marginal increase in hardness to Vickers 318.
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T!e microstructure of tle shocked beta alloy (Ti-13V-llCr-3AI) was

distinguished by the presence of parallel sets of lamellae (see Fig. 39)

presumably twins, which closely resemble the twJ formed by shoce loading

iron, molybd3num, tungsten, chromium, and other body-centered cubic metals

and alloys below any transition pressure. The Vickers hardness of the un-

shocked material was 300 (500 gram load); the shocked specimen had the

same hardness. It appears then that no transformations occurred in

Ti-6AI-4V or Ti-13Cr-llV-3A1 during the passage of shock waves with stresses

up to 70 kbar.

&i

FIGURE 39 PHOTOMICROGRAPH OF TI-13V-

11Cr--3A1 TITANIUM SPECIMEN
AFTER BE:NG SHOCKED TO
70 kbor
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SECTION VI

STUDY OF WOVEN QUARTZ PHENOLIC

1. Introductic..

Preliminary experimental and calculational investigations have been

performed to examine shock wave propagation properties between about 10

and 200 kbar for a three-dimensional (3-D) weave quartz phenolic material.

The purposes of these studies were to obtain preliminary Hugoniot-type

information for this material, to observe the character of stress waves

that a highlv aniso.ropic, heterogeneous material %,ill support, and to

determine how ell present wave propagation theory, as incorporated in

the SRI PUFF 2 code, is able to simulate stress wave profiles in an

anisotropic, heterogeneous mater: 1.

2. Material Description

The specimen material, supplied by the Air Force Weapons Laboratory,

was- a composite ,onsisting of an orthogonal 3-D weave of quartz filament

potted in a phenolic resin matrix. Table II lists descriptive data supplied

by AFWL with the specimens. The orthogonal weave of the quartz filaments

is most easily visualized in terms of a Cartesian coordinate system with

the Z axis in the direction of the axis of the right cylindrical specimen.

The weave was nearly orthogonal because all filaments lay approximately

in tho X. Y, or Z direction. In the Z dirpentor the ,.i: men.j L g-uped

4ugether into well-contained, apparently straight bundh'9 of square cross

section with a 0.025 inch average width. These axial bundlcs intersected

the X-Y planes (cylinder faces) in a square array with a 0.1 inch average

distance center to center. According to Table 11 there were 0.58 x i0s axial

filaments per square inch intersecting the X-Y planes. The filaments in the

and Y directions were also arranged into bundles, but of apparently

rectangular cross section. The width of a lateral bundle was approximately

A true Hu;!oniot point refers to an equilibrium state achieved through

a steady-state shock front. In the woven material, the wave front is

nonuniform and not steady state. Equilibrium between the filaments and
resin requires a relatively long time and is therefore probably not estab-

lished during the recording time of the qxperiment. The Hugoniot-type data
derived from the experiments were obtainud with traditional impedance match

techniques, neglecting the fact that many of the conditions for vall,'

Hugoniot data were not met.
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Table 11

DETAILED MATERIAL DESCRIPTION OF 3--D r'ARTZ PHENOLIC

Property Measurement

Average matf:rial donsity 1.69 g/cm3

Average acoustic velocity in
axial direction 0.350 cm/4sec @ 1.0 MHz

Resin matrix SC-1008 Phenolic

Resin content i .77 by weight

Average diameter of filaments 0.00034 inch

Number of filaments in lateral

(X) direction 2.30 x 10 filaments/inch2

Number of filaments in lateral
(Y) direction 2.30 x 106 filaments/inch2

Number of filaments in axial

(Z) direction 0.58 x 10 filaments/inch2

Number of flaIouiLb per axittl

bundle 1920

Bundle size and spacing in the

Z direction 0.025 on 0.1 inch centers

This information was supplied to SRI by AFWL.
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0.075 inch and the thickness was about 0.025 inch. These lateral bundles

were woven in a 2-D basket weave with, for example, a given X bundle

passing over 1 to 8 Y bundles and under a similar n- ber. The weave

w3s not perfect but had an average or macroscopic rotational symmetry
0

of 90 about the Z axis. The separation in the Z direction between

parallel lateral bundles was about 0.05 inch center to center.

Acoustic measurements were madL to detrmine the longitudinal

velocity in the thickness direction. The velocity associated with the

initial arrival averaged 4.51 mm/4sec. This veloc'ty corresponds with

a longitudinal molulus (+:2 or K + 4/3 k) of 3.4 -311 dynes/cm2

3. Gas Gun and HE Experiments

The compression states measured in five gas gun and HE experiments

per'£:rmed in the 3-D weave quartz phenolic study material ar summarized

in Table 12 and Figs. 40 and 41; the results are discussed below. It

must be pointed out that the naaire of the quartz phenolic specimens, as

well ts direct experimental observations indicated that the flow was not

steady-state. In this case the compressive "Hugoniot' states reported

in Table 12 and Figs. 40 and 'I re characteristic of uniaxial flow shock

wave experiments on 2 to 4-mm-tlick specimens, but caution should be

employed when applying them to other experimental conditions. For the

tirpose (f describing gross average macroscopic response of material of

a given thickness, we have neglected the deviations from steady-state

flow.

Three gus gun shots were fired on the 5-D quartz phenolic discs as

received. Two discs were impacted by 1/2-inch thick 2024 aluminum

projectiles to obtain Hugoniot daza (Shots 13,421 and 13,423) and one by

a 0.0186-inch-thick annealed Plumninum flyer plate (backed by 2 lh/cu ft

polyurethane foam) to obtain shock attenuation information (Shot 13,422).

* These experiments were performed under Contract F29601-67-C-0072.
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Instrumentation on the:. shots consisted of two l0-- 'hm manganin wire

gages in C-7 epoxy. (High resistance 10-ohm gages are used in low

stress experiments to implve the s~gnal-to-noise ratio.) In one gage

the mangan-n element was positioned O.W!5 :h ba,.. Jitto the C-o from

the speciman - C-7 interface; in the other It wab 0.080 inch back (the

latter distance being about the same as the width of the lateral quartz

fibers in the target). In all three gun shots the gage in which the

element was set back 0.080 inch gave a shorter rise tinke and a lower

stress for the main wave than the nearer gage. These changes in tt

wave appearance may be caused by convergence of the uneven wave front

in the quartz phenolic into a planar wavefront in C7, damping of oscillat-

ions in the C-7, and tendency of the wave to shock up in the C-7. Because

of the recorded evidence of nonsteady wave propagattz -. in the C-7, th

gage with the element nearer the interface was used to determine the

reported loading state in the specimens. Th,.se states were calculated

by the impedance match method using measur.,nents of the specien wave

velocities and the projectile veloc.ties, using the known Hugoniot for

the 2024-Al projectle.

Figure '22 shows a post-shot photograph of the recovered specimen

and projectile head for Shot 13,421. The lateral qurrtz filament bundles

appear as wide, 1 i t trAces in the photographs of both target and

pro3ect1le, and form a nearly orthogonal grid. The small, dark aqusres

represent the axial bindles. These axial bWndleb left a deeper Imprint

on the aluminum projectile. The noticeable variation in the imprint

acro5s the impact surface indicates the sh'rp differences in sthort

impedance!' among the target materials. The wave in the quartz phenolic

target and at the inte-frc-' between the target aad the C-7 epoxy will

not be a swooth plane shock but wAll be "dimpledi." As the wave propagates

into the ),Omogeneua C-7 epoxy, the fastor, higher sr.,- , portions

that enter the unshocked m'erial first -. ould gradually be dispersed

The use of the term "i-pedance metch method" is not completely
justifiable here because the wave is neither planar nor steady state.
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FIGURE 42 RECOVERED 3-D) WEAVE QUARTZ
PHENOLIC TARGET AND ALUMINUM
GAS GUN PROJFC'TILE HEAD WHICH
IMPACTED IT. Impact velocity =0.85
mm/psec, Impact stress =37 kbar.
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by nonuniaxial flow. The wave in C-7 is thus expected to bec me pro-

gressively smoother as it propagates, which it apparently does (as

indicated by the shorter rise time measured with the 0.080 inch gage).

Further confirmation of the dimpled nature of the'shock front is noted

in the HE experiments discussed later.

The "effective" macroscopic average Hugoniot-type data measured by

the manganin gages in the C-7 transducer material are displayed along

with the quartz phenolic loading data in the stress-particle velocity

plane of Fig. 41. It is evident from this figure that the gage stresses

do not represent a reliable measure of fe release states for the quartz

phenolic as they should for steady state shocks. The disagreement is

attributed to stress measurement uncertainties associated with the

dimpled character of the wave impinging on the manganin wire stress gage:

Local areas of the wire sense different peak stress levels
arriving at different times. Hence, the actual level recorded

at the oscilloscope corresponds to some average of the local

stresses in the shock wave mesh traversing the wire at a given

time.
The resistance change in the manganin due to compressive stress

(causing decrease in resistance) may be masked by local strains

in the manganin caused by stretching of the wire (and an increase

in resistance) as it is traversed in the lateral shock by the

uneven wave front.

In Shots 13,421 and 13,422 there was some evidence of the possible

formation of a precursor in the quartz phenolic with a wave speed of

approximately 4.5 mm/ sec and a peak stress estimated from manganin gage

data to be about 1 kbar. The stress record from 'he attenuation shot,

Shot 13,422, is shown in Fig. 4~3. In traversing 9... -m of quartzj

phenolic, the shock stress attenuated from abo' - 30 kbar to 4 kbar. [
The recorded rise time was about 1 psec, i.e., longer than the rise time of

the "Hugoniot" shots. The record shows a possible precursor at 0.6 kbar

in C-7 and a reflection of the precursor off the main wave at 1.3 kbar.

Two HE experiments were performed on the quartz phenolic discs.

The specimens were impacted by a high-velocity ( . 3 mm/psec), 1/8-

inch-thick 2024-T8 Al flyer to obtain both shock and rarefaction wave

propagation information. Normal 4-ohm manganin C-7 gages (Ref.?3) -(gage

element 0.010 inch into C-7 from interface) were used to monitor the
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stress profile transmitted to C-7 by the quartz phenolic. The high-

speed streak camera techniques described in Section III.2.b were used

in the same experiments to record the specimen Hugoniot state and the

shock -'anarity. The manganin gage record, after data reduction,

obtained for the 2.78-mm-thick specimen is shown in Fig. 44. Note that

in the HE experiment the rise time is about 50 nsec and the peak

stress fluctuates by more than 10 kbar, while in the low-stress gas gun

experiment the rise time is about 500 nsec and the peak stress fluctuations

are negligible. Peak stress variation (with a period of approximately 0.1

psec) which we attribute to the dispersive nature of the 3-D specimens

are apparent and support the previous observation of nonsteady flow. The

rise time of - 0.02 psec was probably caused by the nonplanarity of the

impact and therefore is not necessarily associated with dissipation mechan-

isms in the material. The rise times observed in the HE experiments are

considerably shorter than those observed in the gas gun experiments

because (a) the shock tilt problem is reduced at high projectile velocities;

(b) at the higher stresses the shock transit times through both the quartz

and the phenolic phases of the target are considerably reduced, resulting

in less variation in absolute time of arrival along the gage; and (c)

differences in thE chock velocities of quartz and phenolic are less at

the stress leve'.s of the HE experiments than at those of the gun shots.

No evidence of a precursor is seen in the HE experiments. This

observation is consistent with the results of the gas gun experiments,

since at high stresses the observed shock velocity is considerably greater

than the precursor velocity measured in the gas gun experiments. The

quartz phenolic release data obtained from the C-7 manganin gages in the

HE experiments have a large uncertainty (similar to that discussed for

the gun shots), presumably because of the dimpled nature of the wave

front transmitted by the 3-n weave quartz phenolic.

4, Theoretical Calculations

A limited number of calculations were made with the SRI PUFF2 code

using the usual equation of state for a solid (Eq.29) to model the woven

quartz phenolic. One computation was made to simulate a Rugoniot shot and

another to model the attenuation w'eriment. The purpose was to compare
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the peak stress attained, the rise time, and the arrival time. The

comparisons weie intended to show whether a satisfactory prediction

could be made with the usual equation-of-state formulation. If not,

the mputed results should indicate the types of modifications required. .

The "effective" equation of state of the composite mater w4 was

taken from the data of Fig.40 to be U -* 2.79 + 1.25 U (im4 sec) and
s p

cast in the usual PUFF form:

P = 1.273 x .0Li1 + 2.167 1011k + 0.837 x loll

Yield strength was taken to be zero, and only normal values of

artificial viscosity were employed in the computations.

The first calculation simulated the attenuation shot, No. 13,422, The

2024-T8 aluminum flyer was represented by the Bauschinger model with the

parameters determined in Section IV. The computed stress history at the

composite/C-7 interface is shown in Fig. 43 for comparison with the

experimental record. The computed history shows significant attenuation

from the computed impact stress of 37 kbar. The arrival time of the com-

puted wave crest coincides with that of the experimental record, indicat-

ing that average wave velocities are correctly represented by the

analytical equation of state. The most striking differences between

recorded and computed histories are the overestimate of peak stress and

the underestimate of rise time.

The portion of Shot 13,.60 with the thinner specimen was also

modeled by a computation. The stress history at the position of the

manganin wire is shown in Fig. 44 for comparison with the measured

history. The computed rise (Zov'r1tvd by cell size and artificial

A vis~cosity) is about two times aa 1srge an the measured. The peak

stress is comparable to the average but is not so oscillatoi.

* A normal value of artificial viscosity for a computation is that which

is sufficient to cause the total me*Tbanical stress to follow a straight
compression path (the Rayleigh li-) during a passage of A shock. 2For
the present computations the coefficient of nonlinear viscosity C0  wa

4.0 and the linear coefficient C was 0.2.
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The following are probable causes for the discrepancies bet-een

the computed and experimental records:

1. Computational effects:

Cell sizes used in the finite difference computations were

0.0001 to 0.001 inch, i.e., considerably smaller than the

scale of inhomogeneity of the woven material.

• Artificial viscosity was of normal magnitude, which usually

spreads a shock front over four finite difference cells.

This combination of cell sizes and viscosity used in the calculations

would normally lead to rise times longer than those obs.eved experimentally

for solids and did produce a longer rise time than that seen in the high-

stress experiments.

2. Experimental effects:

The wavefront in quartz phenolic exhibited dispersion of the wave

front associated with the variation of wave velocity between

constituent materials. The oscillatory top of the stress

wave at high stresses and long rise time at low stresses are

indications of this dispersion phenomenon.

• Frictional dipsipation or material strength which increases

with pressure is a possible dissipation mechanism.

* Viscous damping is present in both the resin and ti' filaments

(see Rolsky, (Ref.28) for example).

* Concavity of the C-7 Hugoniot would lead to more rapid steepening

of the shock front at high stresses than low.

. A gagc of finite dimensions has an averaging effect on a stress

field with a spatial variation.

All three dissipation mechanisms--dispersive, frictional, and viscous--

are present and may coratribu-Le significantly to the observed behavior.

The marked differene ,tween the comparisons at low and high pressures
ii

leads one to suspect that some of the dissipation mechanisms are highly

stress dependent. A general model for romposite maeial should probably

include all three dissipation effects.
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SECTION VII

StuhOARY ND RECOMMNATIONS

1. Summary[

Four models for stress relaxation were selected and iirlemented in

the SRI PUFF 2 wave propagation program. Their characteristics were

compared with those of a general, or standard, stress relaxation model

and discussed on the basis of several computer calculations. Dominant

features of the computed results for all models were the attenuation with

distance of the precursor and main wave and the extent to which these two

waves were separated. Criteria were described for selecting a model and

the model parameters.

A computational model representing the Bauschinger and related time-

independent effects was constructed on the basis of previous experimental

and theoretical results and the present experimental data. The model

was implemented in the SRI PUFF 2 computer program, and test runs were

made to indicate the nature of the results obtainable.

An experimental technique and a ciated data analysis method were

developed for obtaining complete loading and unloading compression

paths in the stress-volume and stress-particle velocity planes. The

analytical method was derived and applied to the present aluminum and

titanium data. The method requires data from stress and/or particle

velocity gages embedded at a series of locations in the target during

an impact experiment. Valid results can be obtained for both stre~s-

relaxing and rate-independent materials during Hugoniot aid attenuation

experiments.

Impact experiments were conducted on 6061-T6 and 2024-TB aluminum

alloys at stress levels of 15 to 600 kbar. Hugoniot data, release adiabats,

and peak rarefaction velocities were obtained. Peak rarefaction velocities

were considerabiy higher than those predicted by the standard elastic-plastic

theoretical model; and the unloading adiabat was smooth, showing no

break at an unloading point as predicted by the elastic-plastic model.

Records at 50 kbar and 580 kbar were compared with coMputaticna made

with the Bauschinger model. Conclusions drawn from the comparisons I-

were that the model has the correct form, although some porameters could

have been chosen more felicitotsly. No stress relaxation effects were
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observed in the aluminum, probably because the samples were all thicker

than those for which time-dependent precursor decay is important.

Impact experiments were made on samples of the common stritetural

titanium alloy Ti-6A1-4V (mixed alpha and beta phases), type 50A

titanium (pure alpha phase), and Ti-13Cr-lIV-3AI (pure beta phase) in

the range 15 to 750 kbar. Hugoniot data, Hugoniot elastic limits

(HEL), and an alpha phase transformation data were obtained. The HEL in

pure alpha and pure beta was double that predicted from static yield

data, but the IEL in mixed alpha-beta was about as predicted. However,

in the mixed phase material there was a large elastic-plastic transition

ranging from 15 to 35 kbar. The phase tran3formation from alpha to probably

omeba phase at 50 kbar in the pure alpha metal showed only a small

change in shock veiocity and specific volume, and was overdriven at 62 kbar,

suggesting that only about 10 percent of the material transformed at this

stress. No transformations were observed in the other alloys for stresses

up to 70 kbar.

Five impact experiments were made with woven quartz-phenolic to

obtain preliminary Hugoniot data for stresses from 10 to 200 kbar. The

records show ua, uneven wave front, oscillation in stress at the top of

the wave, questionable release adiabat data, and a very thick shock

front at the lower stresses. An attenuation shot with a 0.47 mm aluminur

flyer yielded a stress reduction to 15 percent of the impact stress on the

9.46 mm quarts phenolic target, and a rise time of 1 $&sec. A theoretical

prediction for the attenuation shot based on a normal solid model gave

much less attenuation -nd a steeper shock front. Ividently, highly

effective dissipative mechanisms are op-o'atiug in the woven material

which have not yet been modeled theorotically.

V. locomendations

The calculations with the Sauschinger model have led to significantly

improved results for attenuation and unloading wave forms In two aluminum

alloys; the model should be used whenever sufficient materials data are

available for implemntation.
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The presently formulated Bauschinger model should undergo further

development to make it more adaptable to other materials and for a wider

range of stresses. Specifically,

* more experimental data should be obtained on rarefaction

velocities and unloading adiabats over a wide range of

stresses in materials of structural and experimental

interest, and

* the model formulation should be expanded to include a shear
modulus and yield strength that are functions of specific

volume and internal energy.

Testing should be undertaken in two areas which were only considered

briefly in this report:

. impacts on preheated specimens to map the equation of
state and unloading relations at higher temperatures, and

. reverse phase transition during unloading in materials

undergoing phase transitions during compression. The
-,iltiple-gage analysis should be particularly useful in
suct, a study.

The stand&rd impact experimei. i in woven meterials do not yield

strictly valid Hugoniot data because of the nonequilibrium states reached

during the shock. The nature of the states achieved should be studied

theoretically to indicate how to use the Hugonot-like data for analytical

predict ions.

Experiments should be connected to map the pseudo-equation-of-state

surface for a woven material as a basis for theoretical predictions. The

data could be obtained from Impactt for a large range of stress levels,

and with samples which have been

preheated to Increase initial Internal energy, and j

, manufactured wi~h subbtantial porosity so that very large
internal energies would be created during impact.

Stress levels used should include those required for vaporization.

An equation of state for vovmn materials should be formulated and

implemented in u PUFF-type wave propagation code. The formulation should

include frictional damping, viscous damping, dispersion caused by adjacency

of materials with different wave velocities, and a delay mechanism such as

stress relaxation.
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APPENDIX I

TEST RUNS AND LISTING OF THE SRI PUFF 2 COMPUTER CODE

1. Introduction

This appendix presents test routines and results that can be uaed to

validate the use of the SRI PUFF 2 computer code on computers other than

those at SRI. The code was developed to run on the CDC 6400 at SRI. It

is a modification of SRI PUFF I to include stress r~laxation and Bauschinger

effects.

Any difficulties encountered in using the code on other mahines will

probably arise from differences in interpretation of some FORTRAN state- t
ments or possibly in running new types of problems. Usually these

differences will trigger machine diagnostic statements or they will

result in catastrophic errors. In the case of diagnostics, the error

is located by the machine, and it can then be corrected. For catas-

trophic errors, the prograimer needs some assistance in locating the source

of the error. We have tried to provide this assistance In two ways:

inclusion of data for test runs that will exercise all major portions of

.ne code, and Insertion of prints from each subroutine. The test runs

Include Impact and radiation deposition problems and rezoning problers

for solid and porous materials. The prints in each subroutine indicate

the route taken through the subroutine (i.e., which branch of etich IF

statement is used) and list the main input and output quantities of the

subroutine. These prints are triggered *ty presetting the constant MPI

to the number of prinits der4red from the subroutines )YPRO, JSTRESS,

HAFSTRP, BI ST, POREQST, and SSCAL. Similar prints tre obtainad ArO

RAUSChI, RELAX and BAYIMLX by setting Ser b 9witch 3. -1
Six test problem are described in the following pare. The first

problem has been run in three versions: a short test with triggering of

prints from each subroutine, a abort test with slightly altered We, MW

a full run with noml printout only. 5owS output from all throe of thoe

runs is given. For the other five test problem, only the full run was

made. For all of the runs the major part of the cutput is given in the

form of plots.
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2. IIAput and Sample Output of Test Problems

a. Test No. la

This problem, a test of the Bauschinger model implemented in the

code, concerns the impact between a 6061-T6 aluminum flyer and a target

of the same mater-Ii. Behind the target is a manganin-glass stress

transducer. The problem corresponds with . )t 670 described in Section

IV. This calculation is performed in three versions: a short calculation

with printouts from many of the subroutines, a short calculation with

printouts but using a slightly altered data deck, and a full run. The

l'"ting that follows is for the first of these computer runs. The listing

includes the input data (which is essentially a reproduction of the data

ards), the initial layout of the coordinate grid, test prints, the final

EDIT, and the scress histories.
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*TE *05/07.469
JINT *I A SHORT TRIAL R1UN ON @AIuScmTGC- P'OEL FOR 6061-T6
COMPUTATIONS COPRESPOWD To THE 50 KNAR DATA OF QO~vR WILLIAMS FOR 6661-Y6

ALUMINUM. THE BAUSCNHNGER NOUCL is UUJO FOP QOYTHE CLYER AND TARGET.
THE JEUITS W[Rf PLACED AT *HE APPROXIOATE TmtCKN1S!.1S Of THE THREE THINNER

THIS CONPUTATION VAS CONTIN4A.J FOR ONL.Y FIVE CYtCLE1 WITH POINTS FROM EACH
SUaROUTINC.

I NTEOTS 7 NJEOITa 6 NOEZmv 0 NSEPRATx
2 TEOTSA 3.OOOE-C? ".00OC-07 9*60OCE07 1.2901-06 1,600E-06 2.600C-06 2.4001-06
3 Jfn!TSa so so ago 172 239 zvs:
6 NfEOTNa 100000 NEDIT& 10000 NPERN * 0 NAZm I
NAXPP a 200 200 200 200 200 200 200 200 200 200 P0O
7 STOPS JCYCS a S Cgs a 3.%03E#00 !I * 3.00OK-06
8 M1LSW 3 NATFL a I UZERO a 6.1!30E#04 MPOT 2 0

6061-Te AL FLYER RHO a 2.709EO00 NSRM a 5 WYAR a I NPORW 0 NCON 0 0

EQSTC m 4.6701.13 EcISTO e I.OOOE-12 CaSTE a 1#22OEo11 COSTS a 2.04(E~oo
(95TW a 2.600-01 COSTS o 0. COSTN 9.44SE-ol COSTA 0.2051-1Z
CCSG 4.00080 cl a 5.0001-02-0
TENSWIA -1.0001.13 tEN5(2Ju -1.0001.11 TENS(3m -1.'r00(.11
zPOS *.0DOE03 Xpe 1.0009#00 )4UUN 6 .A?OF.13 YAO * I.000(*O0
YO a 3.210c*09 MU Z .670E.1l YADO * 3.790#.10
.'INf:S8 to 25 CELLS IN I.S3)E-ql CM DEL~a -0. .0.

6861-T6 AL TARGET RHO a2.?09tag0 WSW$ 5 NYLM a IoNYOR a 0 "CON4U

FOSTC r 6.61QE411 £9570 a 1.006E#12 10571 1.220f.31 CQsS6 2.6(4
COST" a 2.1001-0) COSTS a 0. 109TN 9.493E-01 COSTA $0235E-12
CosOa 4,0O1OOEO Cl a .0001-02 -0.
TINS1)8 -19000oll TEMS(21m *1.OOOE.11 TENS(31ja -Io&OOE#II
IPOW 6.0001.63 IF. 100001090 OWUN a 496?oZ.1 VAW a 1.9001.00
YO a 3.2101*09 MU a 2.4701.11 YADO * 3.790v1.O
NZONFSU I. 210 CELLS IN 1.2571.00 CP DELXW -0. -0.

*L459 IMN SAGE) RHO a 2@320E#00 NIRN a 0 NY40M a 0 NPOR a0 MCOH a 0
EGSIC a 8.76CEoll 10570 a -6.76O0.11 14STE a 3.0001.10 COSTS & .4008fe00
Easy" m 2.5001-0: COSTS v *.T!@1.1 E05Tw 5.ROTE400 COSTA 5*7401E-12
CosOa 4.OOOE#00 CI a 5.000102-0

TEN(1a 1.00111TENSIZIa -1.0001.11 TERSNe -1.oOE'1
"ZONESS Is 30 7ELLS IN 3.1501-01 CM DELX 6.nQOE-03-0

EOST. .'* Ot No 0# CS9m 3.776E.11, EJu 0. Dig~ 2.709to0@. NOa S.
COST. JO 26t He Ot CS0% 3,71.11, Cea 0. t OJW 2.00910409 PJ'x So
EOST. J82379 ma 0. CSOa 3.464E.119 1.). 0. Di ZJ .520E~f@, Pin 6.

TEST la: INPUT DATA
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b. Test No. lb

This computation is identical to test la except that all the noninteger

data are altered by 0.1 percent. The listing includes the input data

initial layout of the coordinate grid, test prints, the final EDIT and

the stress histories.

1iO



DATE m0S/07/69
IDENT a 1 8 SHORT TRIAL RUN ON *AUSCHINSER MODEL FOR 061-T6
COMPUTATIONS CORRESPOND To THE So (EAR DATA Of ROGER WILLIAMS 700 01-TO
ALUMINUM. THE BAUSCHINWIR MODEL 1S USZO FOR ROTH ?ME FL.YER AND'TARGET.
THE JCDITS WERE PLACED AT THE APPROXIMATE THICKNESSES 07 THE THREE THINNER
SPECIMENS SO THAT THE COMPUTATION MODELS ALL FOUR EXPERIMENTS.
THIS COMPUTATION WAS CONTINUED FOR ONLY FIVE CYCLES WITH PRINTS FROM EACH
SURROUTINE. THE DATA FOR 18 ARE SLIGHTLY ALTERED FROM~ THOSE O7 IA#

I NTEDTo T "JEDITs 6 NREZONU 0 NSEPRATU 0
2 TEDITS" 3e000E-0T 6*000E-07 9*OOOE-OT I.200E-OS I.000E-06 a*@00E-06 2*40OC-06
3 JEDITSO 50 g0 128 172 239 211
6 NEOT~M 100000 NEDIT= 10000!NPERN *1MAXPAN I
MAXPA a 100 100 100 1o0 100 100 i0e 100 100 100 le0
7 STOPS JCYCS a S CKS a 3.3099E' S a 3*0OOE-06
8 NMTRLSu 3 MATFL a I UZERO a 6.OYSE004 MPOTe 0

061-T6 AL FLYER RHO a 2.TGIEO00 NSRM a S "YAM a I WNOO a 0 "CON 0 0
EGSTC a 6.6TTE~l1 EOSTD a 1.0011*12 EQITE a l.221Eol1 COSTS w 2.SO29*00
EQSTH a 2eS03E-OI COSTS a 0. EGSTN a 9.666E-01 COSTA * *.265E.12
Cosa a 4.004fog0 CI a S.OOSE-12 C2 a 0.

XPO a .0OOE*03 XP a 1.OO1E*00 MUUm a 4.575E'11 YAO7 a 10O01.0
YO a 3.213E*09 MU = 2.673E*11 YADO a 3.794E*10
NZONESE is 25 CELLS IN 1.53SE-01 CM -0. -0.

6061-T6 AL TARGET RHO a 2.7O9E.00 tNSPH a 5 NvAN * 1 WROR a 0 NCON m 0
EGSTC a 6.67?E.11 CQSTD a 1.OOI12 ZOSTE a 1.221E411 COsTS 3 2.*22.00
EQSTH a 2.503E-01 COSTS o 0. 'EOSTN a 90NO41-01 COSTA * S.USE-12
Cosa a 4.004E*00 Ci a 5.0051-02 Ca a 0.
TENS(I)m -I.OOIE.11 TENSg2)o .1*O01.'011 :TENS(316al 6..01E.11
IPO 6 .OOGE.03 XP a 1600 1 600 MIJUN a 4.675E411 YAOF 1.6019000
YO 3.Z13E*Q9 MU a 2.073E.11 YADD a 347449410

NZONES' Is 21o CELLS IN 1.290E*o0 Cm -0-.

GLASS 14N SAGE) RHO * 2*520CO00 #151 a 0 NYAM a 0 NPORm0 0 NeON a 0
EGSTC a 8.709E41i COSTD a S76C11CSTE a 3.003fol0 COSTS a 29002E'00
EGSTH u 2.503E-01 COSTS w S.?760.1 CASTN-w S.Ro1eo@0 COSTA L 57401-l2
CosOa 4.0049#0C S * .005-02 cm*
TENS1 -3.001E.11 TENSQ2' lolE1.TNIIEe.0E1
NZONESN I *3a CELLS IN 3.1535-o1 CM OCLX a 6.OO9u03

EQST9 Jw 09 No 0. CS~w 3*710E*11. EJm 0. Din~ 2.709E*000 IJa 0.
EQS*# JQ 26. No Ov CSQ. 397SOE#119 Cis 0 O 9Di 2.090E*0, is 0.
E9QIT9 J"fl37. PMe 0 CO. 3.4552.11. EJw 0. Din 2.SZOC*oU. PNo 0.

TEST ib: INPUT DATA
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C. Test No. Ic

This compution irepresents the normal. production run of Test 1.IThe results are a sample of those obtainable with the Bauschinger model.
The listiiug included in the following pages 'ontains the input data, one

page of the initial layout, the firnal momentum EDIT, time EDIT, and two

pages of the stress histories. In addition, there are computer-generated

plots of devia ,oric stress versus specific volume, of stress-"distance

curves, and stress histories.
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.~*SRI PUFF 1 (6400 VERSION) *'

DATE m05/06/69

IDENT 0 1 C NiORMAL RUN* TEST OF *AUSCHJMGFR MODEL ON *061-TG
COMPUTATIONS CORRESPOND TO THE 50 MSVA DATA Of ROGER WI1LLIAMS FOR 6061-T6
ALUMINUM. !ME SAUSCHINGER MODEL IS USED FOR ROTH THE FLYER AND T4RGETe
TNF JE')ITS WERE PLACED AT THE APPROXIMATE THICKNESSES Of THE THREE TH-44NER
SPECIML14S SO THAT THE COMPUTATIJN MODELS ALL FOUR FXPERIMENTS.

I ;dTEtOT= 7 NJfE3ITO 6 NREZONe 0 NSEPRATu G
2 TEnlTSz 3.oooE-OT 6900CE-01 9.600E-07 1#20of-06 1.600E-06 2.000E-06 2*400E-06
3 Jfnl!TSw so so 128 112 2z9 31
8 P4EfTMw 100000 NEDIT& 10000 NPERN " 1 -
I STnPS JcvcS a 1250 CKS a 3.5OOE4@O TS 390001-06
& NMTkILSO 3 MATFL a I UZERO a 6.03CE404 IPLOT a

60fEl-T6 AL FLYER RHO a 2.?o9EoojNSRm m 5 NyAm * 1 NPO~w .0 NCON w0
EOSTC a 6.6'OE,11 EGSTD w 1.0ooE*.IZEOSTE a 1.220EA,11 EGSTO 2*l040EU00
EQSTm4 a 2.500E-01 COSTS a 0. 'EOSTN 9,093E-01 COSTA 6926SE-12
COSO a 4.OOOE.00 Cl 0 5900DE-02 -0.
TENScI)m -1.0ofoE.1 TENS:2)m 1.*OOOC.11.TENS(3)w -190oEoll
IPa. 6.OOOf#03 X~u 1*000E#jfl UUUN * *.F7eol*l YAOV 1*@OOE('OS
YO 3.2iOE.09 MU n 2.67OEI1!'ii[O a 3.790E.1C

NIONFSN Is 25 CELLS IN I-537E-ol CM DELI. -0. 0

6061-T6 AL TARGET RHO Z .?09E*OO NSRM 5 NVAM n 1 NYOR n 0 NCON r
EOSTC m 6.610!.11 COSTO a 1.000E*12 COSVE * .P20E.1l (MS a 2.04@E*00
EQSTm a 2.500E-01 COSTS a 0. EQSYN 9.M93E-01 COSTA S.20SE-12
Cosa .4 4.0OOE400 Cl * SoOOCE-02 -0.

Epo3m 6.000[.@3 XPw 1sOOOE*00 MUUN * 4Sr7fl YADF a 1.t0oef~v
Ya 3.ZI0C.O9 MU a 2.6?OE,11 YADD w 3.790E#10

NZONESS I. Z10 CELLS IN 1.257E*O0 C04 OE'.Xa -0 -0.

GLASS ("N (nAGE) RHO 2 .520F#06 N5014 0 NYAM v 0 NPOR a0 NCON 0 3
Eisyc F C.780E'.11 COSTO a -8.T90toll FOSTE u 3.O00E#10 COST* a 2.Q00te*0S
EQSTM a 2.5oiCC-0l COSTS a 8e780Z*11 COSTN 5.4O7F#00 COSTA 5.?4oc-12
Cosa a 4.O0Of+00 Cl a 5,006E-02 -0.
TENS(IUm -1.00t-1 'TFISM) -1.000E.11 TENS(S" -1.000[#11
NZO\CSe It 30 CELLS 104 3.1s0E-01 CM DELX a 6.OC9OE-03

TEST 11c: INPUT DATA
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d. Test No. 2

A simple impact between a solid aluminum flyer and an aluminum

target is given as Test 2. Neither stress relaxation nor Bauschinger

effect is included, so the problem could be run with any one-dimensional

wave propagation code containing an elasto-plastic equation of state.

The listing in the next pages includes the input data, a page of the

initial layout, and samples of the final EDIT and stress histories. The I
LDITs ,stress histories, and a deviatoric stress-volume path are shown

in the figures.I.
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C. Test No. 3

The stress relaxat-ion mechanism of Model ( imple anelas -ic model)

is tested in Test 3. The coafiguration is a syzrnetric impact between

two plates of 2024-78 aluminum, The plates have differert relaxation

parameters but 4re other hise identical. The listing included on the

following pages contains the inpit data, and portions of the initial

lavout, and final EDIT and stress histories, The EDITs , stress histories,

and a deviatoric stress-voluwe path are sbhn in tie figures.
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f. Test No. 4

The stress relaxation mechanism of Model 2 (Band's model) is tested

in Test 4. The configuration is a symmetric impact between two plates

of 2024-T8 aluminum. The plates have different relaxation parameters

but are otherwise identical. The listing included on the following pages

contains the input data, and portions of the initial layout,and final

EDIT and stress histories. The EDITs , stress histories, and a deviatoric

stress-volume path are shown in the figures.
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TEST 4: INPUT DATA
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g. Test No. 5

The stress relaxation mechanism of Model 3 (Gilman's model) is

tested in Test 5. The configuration is a symmetric impact between two

plates of 2024-T8 aluminum. The plates have different relaxation parameters

but are otherwise identical. The listing included on the following pages

contains the input data, and portions of the initial layout, and final

EDIT and stress histories., The EDITs , stress histories, and a deviatoric

stress-volume path are shown in the figures.
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DATE x05113/b9
IDENT 2 5 lIofEL 3. GILMNt FELAXATI"IJ IICOLI., IR~ONhIRON MODEL

THE O1bLOCATION l4ULTIPUtCATIONe PA- 4ETER, PmI. 1S DIFFER~ENT IN THE FLYER
ANO IN THE TARGET. ALL OTHER ."AMEWtR5 ARE IDENTICAL.

I NTEi)Tm S NJEI)ITv 6 NREZONs. 0 NSEP4AT2 0
2 TFInITS2 1.33E-o' 2.66?C-01 4.000t-07 S.333E-o' 6.hV6E-O7
3 JEflITSv 53 85 117 102 el* 246
6 NEOT~x 100000 NEDITu 10000 NPERN a I -
I STOPS JCYCS a 1000 CAS a 40000 TS a 6.000[-07
8 MMTI4IS= 2 MATFL a I UZERfD a 2.500E.04 -o

IRON FLytU PHIIS a ?.850t*0Q NSRM a 3 NYAM z I NPOR a U NCON a 0
EQSTC r 1.741E.12 EwSTO a 0. COSTE a $1.400E+10 EtISTO a 1.600E.00
EGSTN a 2.50OE-01 EUSTS a 0. 1.6150to00 7.2i#.E.12
(oSG is 4.UOOE#00 Cl a 1.50OL-01 C2 0.
TENSh1~w -1.OO0EtIl TENS(2(a -1.C00OL611 TENS(3(a -1,nOOF.11
CEE a ?.UDOE.03 PHI 1.000E*03 BEE 1 .940E.10 VM 3.220E+05
OhMON 5.OOOE400 -0. -0. -0.
YO a s.u043E#09 AiO 8 .140k.11 YAVD * 0.
NZONESm It A CELLS IN 6.0001.-Ok CM -0. -0.

IRON TAROET RHOS a 7.ft0E.00 NSRM a 3 NYAM a I NPOW 0 NCON w 0
EQSTC a 1.141E.12 EwjTO a 0. EUSTE a 8.400r.10 EJSTG w 1.600E*00
CGSIN.9 2.tWO1.-01 LUSTS x 0. 1.SCI-00 7.214E-12
CaoS a 4 U0UE+00 CI m I.500t>01 C? a 0.
TENS(IJa -1.09OE+11 T1NSQ~m 1I.U00L411 TENS''la -1&0OoE*11
CEE a 2.OOOL.03 PHI v 0. BEE a 1,4ROE+1O VM 3.220E#05
ithmon 5.OOOE*00 -0. -0. -0*
To a 5.040E409 MU a 8.1*l. YADI) a n.~
NZONESm to 1443 CELLS IN b.00OL-01 CM -0. -0.

TEST 5: INPUT DATA

192



49 .q . . .. . 6.

0 OCOOOOOOC~OOC00000 000000 0.00 cg 00 0 000

01 - -- -- -- -- -- - -- - - --- -- - -- - -- - -

1wrN2~w
0 4NC MNmNNNN NNNNNNNmNNf tNf tf tfll

0 moo MW Olpin00000iftomin0 00 00 0 00 0 00 0 U.
WN CScc O V 1511 ci SC0 ii I r wPS e~l* cowI 0

x O s- P. f.. P* . a,.P . * ** * . a..

000 00 000 00 00 00 000 000 0 0 00 000 000 00000 0

a -00 00 0 0P0a 0000WO00OS Mo000400a00000 0V 0WOO~ 0 Ow0 %000
0 ~o0o000o0o0:::00000000 00o0 0O O @ 00 00006

- - .4.. ... .. 4. . ..... 4...44...4...4
4yz4' y4e 4r'( mt vI zNf Ni (Ygg~~ gi , g S g , fzmm Ngg44141 NOU 'I,44 4 14 11:

hI- wIwzwwWWWW"WWhIWWWWQhWWWWw WhJ.Jwwww lw wWWW

* 1 ... . . iO4l%'Vi tlt ..1 0i* IAt z0

19



a so a Wass*00000000000000wo000000

a o

IV.. *4 * 0 4 0 *f4 ai 0** *4 4 * * +t * 4t

IC-0 in~
MO %~000@0 0@00O0@0@O000FCMt d'

k8~.

4-0

MO-

t. V)
v4 W04W&4LI * .1 L1, % &6 &61 &W .I .1 .9 .I i I &I Li k1 &L

fAWW.~43WWI5aW1IWW ahI~W WWWWWWWI 1.5.

44h J~. -- - -- -

W
I-AN ZZ Z Z Z Z 2 2X-Z Z Z Z Z Z ZX * Z Z 2 *

F. OO00OWaW OgQW 0QW 000W 00aW 0OWQWQWWJ004WOuWa4J

* ~ ~ 441 ---- - -- ------ -- - -- ---- ---- - -
Ot all 0010 001.

04 10 le 0 a 4 1 0aaC 0aA 0d lM0j nLtitL nI nh nA9 t015I
"a a. 0~ a 3 ,4( 03 y1 1 0I "P 10-0a-M3 I 1

IVt0 .iZ Z Z Z~Z Z 3 Z Z * 2ZZ Z Z Z 3 2?k
xw *4U'I a1M V1r-OI4 1 I

*.0 001 .06 WO W MQ 0 16aW W OCOLPo m o .00C.4

ac J~PU
(aw

ts s*, ***** **. .

0 a a@

* P 41 9' VI *.4 0P. .Ca~ G~ 0O 0@60@000@@e00@0N-
*f 0 Wi 0 z% coop- M@OO@0 @@ 00 0'O.

A8 on 3. N **4 **f* * * ** , $ * * * * * ** #4* M * . 10 & C *a.40 VM .C

tu F. a ILWiQWWIJWWWWWWWWW.IIW.WkWWW
-P*V@*.E @ 4 8 0~~ M M E f I

Yt~bIfl. wwa w00 P50 N9'.w 050..w40U1w00NewwPwtISww Owflw
.- ~~~0opMo P8 q N04M. @4 - 0 0 P8 - d 0 P5 E I

in PCf IO .PM l

Fa . ,A ON O

44 0 ;p '.. *940SftOI" N00am 00S F. 0" 1
0- asw 0 0 ; alA:0aA P40 0.0 f-4 M0 0 ,.58 M 40a, 0 a 0PN

'44 0 Wil 5. F- 4 00 0

ow4a- f Uo e0 e eo0 QdP5P1, a0fW0?- -Q--4M,"d t-
kvo44- Ift0~~fl. MOOS080.9.t5PP5S8S8~4M 6 00

w ~~~h w4 M" M O
0 &,.t.0. . g1fN040gP,40e#UJV

3 3 . M16 I AA aaa4

z ~ .
In in4 c-a0 ; um a o b-m noIgP ,o yI

tv*i lut M M M#

O194



I-um ~. 4110666 in31b *oeee-of bk0688smm,*60 646 00866400m

. .... .. . .. . . . . . . . . . .. . . . . .*..* ... .a. . . . ...

MN N - - - - - - - - - - - --

------------ ------ -- ---- --- -------- - - ------ -- n--

S6R V) W. W J ~in. V1 W1 .4 4 44 01V?00 iusi -w W5. V) in V) An. ini 4" V) CA to vs WJ WJ .J 0~ vi W. 41 WJ In fm V inJ W. #A UPJ inJ to w. . V) 0 W5 w5 0,

# oQF o .0q60 NM4W01 a0a NM#0 000 NM#00F

o"4 400~0 wQ~4 ooo e. N NNNNNN-NP.444444484444444 I

00N-r-P N N N NNN 4NN~4.NNNNNNNO 46N NNNN N46NN NNN NNNNNNNNNN N N

0oU . t4 M a 0. 0 00 @0040cc000 i ~ . 0 a ,o tp M 40M0( ' M P 0WP s I
*0.@= t 4@i nt @00Ok@OOOcO0m@ aOOm@0 0 0a a 9 00z@@NeN@m@ M MMOM

* ~ ~ ~ ~ ~ . .* . .O .* . .G a . .*1 Ci5 .t** 5 .A..5 * *5 * 50 4 ** * **

----- -----
4* 4ww4*4*w 444 44.4,4. 4,4,5,4,54.5455**5*5w**0

. . . .. . . .. . . 1. V. 10.I II WhI10.41. 1! I

44 ~ C 3 0 0.-- NN 66 4 4 4 4 4166

@UN~4 I06 @r 4WNE1 0 4 ,. 1) 4 --4 -06 NN 41u m@.4 .0 UN.. 4I6N O .440 0 1 C., I. . .0646 0 -0 4 4 N . . . . 4 06 ,41 4 N N N E 0. 0. .. .. .O @ .. -. -- m ~ ; N N 450N N N0460
0 ~ ~ ~ 0 .1 - .aoa 0 a.. .- -ma a. . . . *.NNtNNNN 6NN04N

----- .aaaa.4- - -- - -- - - - --- -- - --- -

02 4 4 54 4 54* ;V44- 4N f 4. 4 " *NO 4 444 4O* 4.,N 5 e5 * * 4 #- 0 of%

AS~ -f a- a - - I-o a -- AA;;--- - -- - - I- - - -

b 460,~5 ,4~Nap.34 %sN 40 4aU ON 0 0*0#.. o . f 06 00 *00 - -

30 480 4 644 .4U,00- 4- U,46024*N ~ 13" -N 06 g P. 0 , 06f Ms-.o~f.2N4
*041* .C~20 N N44U0,,,,,4*44 0606066.woo60606Aa66.40606060606I. 0060660600606606006061950



if ~~~ ~ ~ m 04*0 ov-**P40~~0*~

P "SS*0 Oft* 4#p~ l F. 4 - tw !* 0 -z 0 n0:

.w'q-nw,*e~o------00 --- 0---- e

t. 00.am.'e met." :0:C

03030330.3. ~ ~ ~ ~ ~ 0 * **3* 0 . 0 03 3 3 0* 000 *30 * 00

00 .0 0 0 000 0 o~~ e ~ 0 0 0 0 0@00 0 00000 000 00 c

.0..~0 a*@ 000 000000000 o00*co000 00 000 000 00 00*000

ASO 0 @000:0000000000 0@. o0 0oo 0o0a ou o

W 0 000 000 0@0 000 S00 000 0C. 0@0 000 000 E~0 000000

000000000 00006000@000~ 0o00000o .n. 40

PO
a .3eeoe9e~o~ooo~oo.o~e~o~ooo AnA2

*3 3 3 3 
3

3 3 3 3 @ 3 3 3 3 3 .. .e 3 3 3 S. .. 0 .. .319a ..



,tooN~ 9@0 0*000C04 0~4

00 .0" om sW0 4aml4 04 0, 6 0 do e 0 00 00, 0%

.0 0 V:0036*800:0WOOCUUSO NCO .ow 6:00ms.P14=0ft 7

31 04 ~0 03200000 4@0000000 0000000000

*O000000000 0:000000:00:00000 @ @00004

a 000000qv 0 0 093000 0W wo0009d45404E444v V-00U440

%00 *@ 00 0Q@00:0.hl3iA@ 4 ~f4a~.h @P'00~~#.~Wf0

- @0@o00@0*0 0000 00 IV , 44 24 01 0430 00'0C,

4~0.0 '"UN01* i4444 t990

"o .... 1-0 000 ... .... .00 00. 0. 000000 00000

4 ~0000 000@00@ 00ftft 0t.000 .0 Al 0 200 0000 @ 00f

19



50 -

40

0 P

0 02 0. 0. 08 L .
30 SITIO N cmOA 36&

198



50 . 1.~..400

40

S30

~20

009

0 I 2 3 4 5 6 7 a
TIME -psec

FIGURE 58 TEST 5: SUMMARY OF STRESS HISTORIES AT SIX
JEDIT LOCATIONS

199



14

2

I0
[2 .2 2612

FIGURE / W TST5 ATIC E YILD TO STE T RES EIAO

00



h. Test No. 6

The stress relaxation mechanism of Model 4 (two parameters, variable

yield model) is tested in Test 6. The configuration is a symmetric impact

between two plates of 2024-T8 aliuminum. The plates have different relax-

ation parameters but are otherwise identical. The listing included in the

following pages contains the input data, am.4 portions of the initial lay-

out, and final EDIT and stress historiea. The EDITs , stress histories,

and a deviatoric stress-volume path are shown in the fig.'es.
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*000 SRI PUFF 1 (MO00 VCI~ENIN)

101.7o * 4 OWL 40 TwoPAAffT(1. VA0IASLE 71(1.0 A(L*AT50 MODEL
IMPFACT Of Too *02'-,' ALUMIN MU PLATCE EACH 09SCR5EI99 91H TWOL.PA*RmfT!R
VICLO'NODEL. THE1 TWO PLATES HAVE'DWER0IIT VALUES 'IW THE1 YIEC~ LAZATION
TIME# jYe OUT ALL1 OTHERm P~iftoTEA Aft THE SAMc

I (7T07. MAfDIe?.MKO 0 MSEllOW. a 41!
* ?IZS 5.406C7 .06- 1.596C."4 2.6089-06 2.5069-06

3 jeciti. 30 TS Ill Is? 224 21

? 76 STOPS *cc a*5 IROCKaI # o. 951 Is a z~get-#*
0 SiftSlI' 2 AATFL m I (JzEfO U 2e0= 04O IPLOT I

*4L FL.71N moos a 109?051.eS M a 4 047*04 a I j1P0 a 0 W4ON 0 0
MfTC Y .1441.11 (0570 a 1.29ft1lEOIT9 a 'ltl .O(111To 2 .040c@0
MOT" S .5051.01 (g575 a 1.171111.09.0
COSS a .0001.60 41 a i.5aft-1,i C2 0.

W * 1.409.1-0 ?1 a .1;01-1? -t.-0
00 a B.51K49 MU a~ 2;4111011 VANO a 04
IQQKSI A, 9 '14c sIi A.rnS-do CM .4.

4 al. I*1 14"S a Z.7141.06 045W a 6 WYAN *iuO" 0 WION a 0
IWIC a .SM41.1 1070 . 1.29ti-11 ESITE a 1.2209-11 9ft~0 a 1.400
MTN1 a ts0141 1TS 0 1;1911012 15.6tS1~

tIU ~ ~ tcoIizi -10001.1 #~l.*.*11 TEMS(3)a *1.00*K*11
a4L 1.0089-47 'TV a S!9#01-" -0:81a .59K91, NMl a sea?41 *0 * 0

01001. Is 144 CCU:S IM 2; *04. C" -e.

TEST 6: INPUT DATA
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3. Listing of SRI PUFF 2

In subsequent pages the SRI PUFF 2 program elem~ents f or wave props.-

gation calculations are listed. The program requies 51,500 words

storage for loading onto a CDC 6400 and 46,500 words for execution. The

program and the listings are divided naturally into two segments, the

first for computations and the second for plotting. If the plotting

cannot be implemented on the user'*s computer, then the plotting subroutines

should be omitted and the call to PUFPWOT should be removed from EDIT.

(There is no other link to the plotting routines.) The program elements

are included in the following order:

Main program: SRI -L-FF 2

Computational Subprograms: EDIT

EQST

FEELT

GENRAT

HAFSTEP

HYRO

JSTRESS

PQREQST

Ii REZOEE

SSCAL

RELAX

V 1DR
BAUSCH!

Plotting Subroutines: PUPPLOT

HISTORY

IIUOKIO
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PROGRAM 501PtF i iP PUOUTPUT~fIlC-IhULI*APEIICUTPJT.APEB,

c CALLS uNNW Ya READ DATA AAO z&IuIA*IZE AAm*VS
C CALLS HYOPO FCS 1AC' CVCLE OF CALCLLAIICkS
C * HSIS TIME STEP

C * CALLS 10119 ECTPC49 .SZC0E AS PICLIP#C
C 0 CALLS SCAlES TO STORE BEICTl A160 FCP TESPIRAL FPIATCUT
C

PEAL PATL@PUvfP4JPPUP*N1Pvh1T
INT1414 )'.CRELS.SZ&1SS.SCLICeSPALL

COMMO CEPCKSDAVS.ASLII',CLOoB#l4C.CTDIAVIACAI4,D#UUK.SOLCP,

CC S C CCCMISAI

COM 3t 14OO.1S),100* I SIS) #$CUPP, SSTCP* NSFEC& SSJtJSS

cASUS ON X300I.C(3C0),CNL13CC).OI3CC),OHL 300) .Eg4tl3003 .HI CC.31,
A NIN1300196IT13001 IO)P'I3C.lC3S30.IUO.1C1
I U13O0foUK 13CQl.Yg4L13CC,Z4L13CC1

C I4ALFSIIP VALUES

COhWSC g*OSLAST.CU'.EA.P'.A)', lLASI.Si..SMASI .UNW'LSf ,KN.XHLSI

CapitEa OIscPIilo),,CINTJSD1TITCIJSICi').fokhlE31,fol.kEgrP,

C CEchIvich INCECSIONSI~OJO cua W.LtWTSUN1RM0*.thAPALPCCUiAll(P,$Ctl0.SPALL *
c SPALL A&C VSLARAIIOM

I~PCIP CT/~ 11PO(lLfS.lLl&9OF*t5Jf~

C

100 CML SCNINSI IX0413

CALL o61MW

c CAC4all o"S staff loCacCga*pic C*A1
Em CALL Mae

SONL-111 6 CALL SSL431B1~ I 010lI"116-11h#L

If I Cc It4.~ tW1I*4Cl to]

MAI PROGRAM WR PUSF

WI il 110*14JS18 1 111.'L 12131W*1APJP

SA 10_____A-4-)CLL11CP111



400 ballE 1119411
* WRITE 1180401 N.@JCVC5.1INE.TS.X(JSPI,CSI~bC4.Ch1

CALL ED1I0hI A CALL EDIT I LSLIM1 I CALL SCRIBE
c PROGRAM 9.*LIS Ch CCPPLEIICk Cf ALL CATA CECKS

60 10 100
C
C 1i0t STEP CALCLLATIC.

IF (SCIJAN.EQ. S.dl !30,504
C
C CONPUTTIC Of SOLSAP

515 Be 425 NS-i .&SPlC
IF I(TI~f .LT. SSIOPIAS)l .APC. 11INE C01. STAATI%#Sll) S20.525

920 SCUAN.*PIMI I SflPPSSTCOI&S I-STO(A I I
S29 CCAT JAUl

CTAI*NXINIlcIN#.'C.Ci*SOw"*)
$30 Cft.ACVCS.APE~h
C
C 11041ED~IT

IF (IT) 940o990,~i9
939 CALL ECIT SATA$T.I

IF (AT CC0. &TOIkAILOAI' 531911t
931 CALL RELONE 6 kAAEO*sftA!LCA.I

IF INT .EQ. 141101) !4C,94
S40 11.-1I S C TC 56C
949 11.0
990 If 4IIIAECAOI .LI. TEI(TlkIl S60.'!!
999 hCVCS-tIEOITlNT.I1-TIN&)/CW14b1 6 Ck.SCVCS

ECi-4I1011IAT*.10fiP~Ck S IT-1

IF 4DIk* .0I. 03 100#16S
965 hok-l I CC IC too1/1

40 NOAT I/ 9g It -s14.S, JCVCS *.14, Oh. IP tf,f03#6mo IS -

2I 9 C1082h '110.1(t! 11.Olk.lb~o

41 KA*RAT 114X,26"0000 COITEICh FCO STEP *O00)

$I FOSNIAT (534H.I. JSI*A-14.114. INE.EIC.1.24, CALC 11PIE&F16.3
1,114 WiS. .jIS.o1,04 Othm-..E.3,1l PI'i0..9 JSKA*.1411

MAIN PROGRAM: SRI PUFF (codl~d~)
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C 916CLUS 131143111 1OTNON. 10OWSD. A0 K111111
c PAJO P9NTOLI IS MAIIO DY 11-IS 6CU? 331
c * EDIT LIST$ COMOSALATE QUANTITIES F(* TIME OF 1101?
C 0 IDIOM COMPUTES AI LISTS VC0167110 CIDATITES
C 0 40"11 GIVIS A NNSE COPLITE 9011 P0 OISIIGCIM PSPCSS
C 0 KA" STORES SELECTIED 011CLIS O0614 CCWNtTOIIC* AKC 01ARCS
C,£ it a FINAL s LITN Of is IIS 41S10611'
C

MAL1 lMIL3UvNUDPvlUF&EPm&1T
1111160 04PObOUSA~INIEas Ca:pv $FALL

C NISCILLhSCIS
CONNON CIF9 CES.CAWI.OOIL I .OOLD OAHUNO#DIP IOTN Ow4.OU@OX v1CLOF v
I P3S1.J.JCVCSJibI1.oJPlbh.A3A2JSASJS.LLII1,NA~fti1.W.ti

*~~~~ %CC.M.OL.LS LAS @SOAX vIF &IINEi.IJ#TS &ULAST vjOLDt
2 I ASIAObeJEOD

C EQUATION Of STATE - SOLID

2OO 3.SW.U1 41&S

C EOU*TION OF STATE - Pcocts

C N*AIAICh 0101ITICh
CGONO S$IN@.5SSIOPIS.STM1ISISDoIAF.SSTPPUSPECSSJ,JSS

C C001&*II huMAS

C I4ALPITIP VALUES

CONfhR OISCPUI*1vIO1&T9 (IITIZOI.JIZCIISS,3MTti.WfiOITWEOTN,
A 114481 el*ISORIAIPIAI iSPALL .1111 313*1w .11tISI11CI ISO)

CONNORI. 31.1UnI NSL1351 SLIPL
C SPA&L A60 ALLAUSTICh

COMMO ^011V IPLO IPLOT It) #4.thlSI TLC.TPLOT. I LACTo l STIVI 0

VIIII"UC jille4.
IWIVALOI4K IJSSI-R. ob~.Js *d(lJ1

c 410001 P0 EACH 111

CAA.L S41OO45") A ~h6-IS

a I~ KJJWIhJIL

I C* 0.511011 #Iola$Itf a 1J

IF .12 s. itmi" C1
0001 0 101" 41.1" TO 1O4.l), 2&U

S CALL M~ ITNUJI).IIJI0.sJ

Chitinu*WIII.Z.JI.214SC I



19 tuft lli.003EhR

9 3*CU).3ON1J/C11

139 1o"14X 0i MtJealt S.I1tu.o14 )400 e9I.4 IJ.J 0 aIS*.J1NJft@Tg
I long IC,.41J#X4KW efVoAeO AL

MIT 5 11 9 I N*J@. U.34CR *11VALL911..I 9 1" U1R Lf I *X$ a RATL 42t~i

1011 50914941#1.IJ8,k..g .3.1.3 1. .US1.6~.

WNll I 1.lUIt) tg*X SM 5114111 *OIu.N*L ()vIfa*M 11*10104 1.9S f v

4 S 41JT.J93

I1 lot 1411-1420.111)
PMl. #I.4 JOB* M*SS.5S2106*Io g)., Us 1 1* )P~e tit. nS1.

91 1 114 ITE 160) 1 #01 iC 4139 K11W 0

Jo 6404.

2406 IW.%* I 63 Al 4I.R 1, 3.~ OwCi 13. IC I13t I S3

340j "0* got,1list8."161

80 P1ORA.N3918.zU(O.1.641 .II.T.f~

I ~ ~ SOWH EfMP.uIW~.*Ie .36k.a m?8* .83.1

C....---- 21



C CALCUJLATE 16016E161N OF PAlt PLLSE
EU'PL-0.

209 1VwEpLUJ)*I1*XJ.)IJ-f
IF6 636 *LT. MWD~ 210,211

210 IF6 4UIJP-11 SGT. C.1 ;11921:
Z1'r IF WH .6T. 1) 2129213

so010 209
213 316.3516*14
c
C CALMIATE 0*LEAT!V CF FSEELPSOP

214 1W1EV*.*iJS1P1#J,11U- )
If 4316 .61. .ISIA%) 210*211

215 JpwJN*1
GC IC 214

216 *MVPPw*NVPL*1NVPSk
OTPP-ENVIPP/SNAX
IIIPULSMENWPL/SP*1

C
C CALCIuLATE 16*1164.91 VOTEAiIIAL PCPfhILP OF VAPOR

01
EptUNwo.
CC d20 J-1.3J1TAO
IF6 (J .0. 311601161 POP141

20 CON6TINUE

C PRINT6 OUTPUT VMRIA&LES

NlII 1149 30341 NTINE,0TN94,JISEIOIAL ,3FINJS1AR .JSIKSNAK .IIJSNI
11,lCPPOTPULSEN6EVPCSE6VPLE6VPSENVPPEpvPVL19CyPO5,PUNE
26.XjXI1Jl1),16J02)1IJ31,zlJFINlJR1A?,sPu,1(jmpAa)
suITUR

1039 U0UU*1(?,S1 PCPEb6IIP 10I11
1034 POW1616* ?XI7ES6CL,8XONNEIX,4.O1hi*5X.bIJIS .0R,4IETAL.IE,4

212,UlJ.4.11112.4,Ig,41411 4l1.4~dk 01PhllS ,A1,6HEPV1616,xfmN~16VP

53I,51X1NJP51I%)s51XvJ8A1,81tH1NDRtX4xlHmJ~PAXI!.E12.4.II2.2E

612.41

c %
If6 IN6 EQ. 11 1509291

250 134.9160. 6 160CLU5295
00 M~ Int,hJUSIT
to 2r& IN.1,16161LS

V RIF 44107111 .Lt. 4110(10611 286.284

251 FF ILSIIII ZM,355v29C
c STORE OAT# IN6 BUFFER

*11SU).11661.0 IA(!l'i16160i p S 11114+1

IF total c. i t 6 TO2

IF 6511610 .14. is 2349130

00P as 114ei

SUBROUTINE EDIT 1(ontinued)
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G25 TO12 Z9@2124aZ444t22 1~l
22410 A92#31-E(E I I&*%mE1,4;6C T 1

JE242C) 1I1*33GAS.1I 6 Go.I.I?.- To 2281)11SE

IF IISUCI .6. 0.)US 2339*240LIU

W0 TO 225e2324.24,0!243241hS

24 IS.33Iu .14.JE 2* LS1 60T22C
223 If IUN3IuVT96 JEI.?.'*!Cw5V

225 CONTIEW

20 IF I 1W GT0. NOIUS 04.233, C.2405#1'!439l12
351 IF IUNIT.61 3I325400.5C

352 *dFPI CUT 9691 4(~AIAC* 8CDLL?

242 If 119141, GT. POStM C0v3A1

C6 1UPE U ISANOROF*41i13Uif LC

36 I L11# 61. 3w450095) 4 1*

K 400 REWIND40$

CC 301 mcISaO
30? AMI~.

C

C WRITE1 PLCY 14Aa1&6 DATA Ch love I
CC 302 I-1,4

1EOJEDIIII I
WRITE III 41JD1IEI().-.3IJCZ,-.

C gUiFFERIN1 I" MAA STOREDON TAPE*9 4
361 114010 6 I1UFwOCLLS 6 k8U~ath-1I/CGLUS#1 6 LEMSTthIOCI.US

BUFFER In4 16,11 I*1?J9I*NQ3LLS~i
CO 32! f11,MSI

K 1300 If 1U1I1943 30803C5SCOISC1
501 If 1," .10. &G1W) 3109311

N C
* 310 If IH00 Ik9,SCDS1S EQ0. 03 60 TO 31.4

L1146S4N0Dl1NOOLUS) S 6C TC 314
311 if 111 .14g. 9) CC To 313
312 BUFFER 114 16913 4t1*lAtISU~fOLA.S)1

313 IR IN 4.1) RA(5C*WCIUS)*#ICC'CC9LL51)1
314 IF III EQ0. 1) waste I If*104119 02011f4)J),Jl,

C " [MYT OUT Of FIRSTI SCRISE I-IIC161S
00 320 111012
to 320 JOGV11

1110 J4,0I$1S401 1I

C PREPARE TAPS 19 ICA Stc(SC Scott&

SUBSROUTINE EDIT (continued)
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IF tIFIOLOT121eI1Pi.C13) .&g. 01 MPITF 7U~i,~1)II,3
M 1IIPPLQTt3)IFIPLOTI41#IFPLOIWIJ HME C) MRITE 401 I£(IJ,11t

IF IIFPLCT(4) .ME. 01 MRAII 1)(U(JvIJvj-2,2iZI8I2)
IF (IIPLOT(SO MN. 01 WRITE 111) 4f@SI)J-3338)*9-I%.IZ)

325 c013TIAuE
REWINDO 19

C PRIAICIT OF STRE5S I4ISTCOIES ISICONC !CRIE()
IF ItLX H~. 11 6oCa330

00 345 IP-tNP

IF tip .10. NP) 33,34C
133 IF 4900111v5d3 FiA, 03 340,336

140 13mPIN0412o2g)

IF 112 L~E 25) 60 70 34

3463 PRINT 1CV~v I I 1Jv l.vJwI,3JvIWI1Jl .06sIPJ-39s4ttI l.IIZ)
345 CoNIIE

NEWINC IT

600 CALL SECONDIXEIK01

C CALL TC PLCTTIM FPCGPAP
IF IIPLCT fEC. 0. '!3 TO 620
CAL UFLCT INTE9,iINT; 9bM 5I01
01111111 7 6 ReWIWOeSfbND91PE101

620 CALL SECOND (FINAL) S CUR4-FINAL-FINSI
.UAoi-3&O-SIART 9 0VR2-uE#0-FINS1 S CLII f1%AL-Xf%0
MIE 118*50121 ODL*,0UPZvOUP3,CLV-

C

900 I (11 NIQ. NIYPI LIKCT~ONVCII,.1CCLUS)

M IT1111106;) hBLthroTh S* C1 0

1040 FOAM ;F.a,4FIC.?@,EgF9.3,RiZ.FS.0,F?.3%F".3)

INAMOSECSt CELIIN TIP SEC$ 11
SN A To;RU S12/scJil gir;545 II

3 04 113.11) S113,74) S134 13olI 43Pi
4 22N) jIS ClAN CELTIP)

1001 FOIRAT127H £43 ON UNIT 6 IN SCRIBE. !I- Ahi,-. 1 ' EOTH-13)
109 PORMAT 138h PANIh? [$OCR CA UAIT 6 %B 68%N"1PKNT03
10?0 FCOPAIII19
1060 POSIMAI12I3.P1C.39153

1091 PGRIIA? 111311SECOUO SCPIBE CLIPL' PCA ALI, AELAXAIICh NCrELS- N
I5NIII/C53. 6ANIUAIITLISS3. Y9V*CPUtII#PCSIv TINI(PICROSECs) 11
211R#&I7X*3NJ *,14#,01#/SA k#4Xv,,NIE013XEHV CA NN#31.tSDv

low8 FOAPAT ES0P@11113
WE PORNAT I1NOIIRE1* IN SCRIGE -P10.311Th CCPPUTINS TIRE 0P10.31

I 1714 PL.OTTING list arl0.31/Ifl TOVAL WIPE SFIC.11

SUBROUTINE EDI~T fconcludedl
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sulaU1IME EGSTIJDJqPJ*AJfCJ)
c
c CCPPUTES PRESSURE $NC SOUND SPEED FON SCLIDS
c f-SEEt FEN CCPFNESSIIN

c EXPANSZIN EQUATION Of ST~.2 FOR DE&SIlIEZ LESS THAN RNCS
C

REAL PAlLtNIJ*WLPkftf

C NISCELLAMEGLI5

3 XLh$T@XOfgXXtC
C EQUATION OF STATE -SCLUD

3 N**UMmTfLS
Itc EQUATli'. CF STATE - CPCUS

COMMON AKIAI.NUPIAIPOUE A,3&.PRSI~.3),PRCt4.3,ftCP(A.3S%,
V ACCPf4e3),OEFf.PICFV9P!,hC

IF CROU .6f. 0.1 10.3

C EOST F0R EXPANDED ZONES
3 EftU~wEGSTNiflJ)*61.-VJJ*VJ 6 TSK.ICSlEtMI8

IF IINU2 .61. -101 v,8 I
l S1ISlIU.-EXPIEhU*II

8 EN(ENU*.I/2. s fhEwfAL4fN

TS2-ES, 't41NJ)*GhHU S PJwifj-TSI"!J$1I2
JF ecj MuE. 0.1 992C

1 lovjwj*yszloj 4 2.*MUM/lOJ*5CLDI
IF ICSG oLT. 0.1 60 TO '0

c 10ST Fcm CCAPPESSIC ZONES

6.-fE0s6Nj*ftMcS6WjllIj s vJw'*1I .-.9*U*4G'6Cj~fJ
IF qcJ HME. 0.) 11,20

I/9NOSIMJ-.954/Dj*P% . PJ0gici * 2.*PLPI(DJ*DCLD)
IF ICS4 .LT. C.) CC TC Wd
CO.CSQCJCJ S CJNCSQOCJ/C*.29*CQICJ 12/111

170 IF ILSUIMS .61. MAxP0141t CC IC 30
tSUli$lmLSUlt4Jl

23 WRITE 418*1101 J.N.C2GvEJ*OJ9PJ

114 FORMAT tION fQ5?, J013940is M0IW4414 CSCEIC13N*I 14JE10.3#
I III, 0J"4I0.3.54. fjaflo.3I

END

SL8ROUTINE EOST (complee)
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FUNCTION FN1E&TIEJI'J)
C
C CONPUTES VARIATIG?. CF STRENGTH EA PCCLLUS U111- INTERNAL ENERGY
C

PEAL XA7LvNUvNUN
C MISCELLANEOUS

CONNOIN CF.*CXSDAVG,0ELTINDOLO.ORCO1$EN0T@oT.HOUteXECLO.F,
1 FlIRST.J.JCYCS.JINIT.JFIN.JSNAX2JSIARJIS,LSLOh11I.NAXPRI1z),N,
2 NCYCSNPEIRN.POLDRLASTSLAS!,SI4A~.IF71IPE.1JTS@ULAST.UCLCv
3 XLAST#XNObvXCLD

C EQUATIGN Of STATE - SCLIC
C13MNON C0SQ4GA).C1(6,6)9C2I6) ,EPELT(t6.5J ,ECS1A(6), EQSTC(6),
I ECSTCIA).'QSTEt6),EGSTGI6),EQSlkhI6IEQSI6),EQSTS(6)i ,ATLIZA1.
2 NU(R3,AHOi6I.NHOS4A).TENS(6.31,YDCE161 ,YO(6) JINCI6),NPORI6.2)w

C 3 P#PUP*NMTPLS

IF IEJ .GE. EPELTENJ.1II GC TC 3C
IF ME SGT. ENELTINJeM) GC 10 2C
IF IEJ .61. 0.) GO IC 10

C FOR NEGATIVE ENERGY
FPIL I .
RETURN

C FOR ENERGY IN FIRST REGION
10 ROEJ/EPELTINJ@21

FNELT-I.-RR'(1.-ENELTINJ,4).4.*EPELTIPJ.3'(PRp-1.I
R1LAN

C PON ENERGY IN SECOND REGION
20 AkR-IENELTINJ.1)-EJhj(ENELTINJ.1)-EHELTIPJ,231

FPIELT.RR(ENELTIJ.-4*ENEL(JSIIRR-1.))
RETURN

C FOR ENERGY ABOVE PELTING
30 FPEIT-O.

REREAN
END

FUNCTION FMELT (complete)
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C
C PEACS IPUT DATA AND INITIALIZE! ARRAYS
C * READS INPUT CARDS
C * COMNiTES COORDINATE LAVOLl
C * CCPPUfES RADIATION DEFOSl11CA FEN A PAEIAVICR PROSLEP
C 0 INITIALIZES OENSITV, ENENG)CP TIEL~e SCUKC SPEEC, TEhSILE STRENGI-,
C CONDITION INCICATORS, PART CLE VIECITI,
C s POINTS INITIAL LAVOUT

PEAL MATLeNPUY** @PUP oNEN.NET

INTEGER 14sPCACLSvPIhTEI.SOLICSpFALI,
INTEGER "014

C NI SCELLANECIS
COMMON CEPCI5,0AVCCELTICOLCCRiCClIPINC1NCTN4.GIj,0NECL0,F,
1 FIISTJJCYCSJINIIPJNJSNA3I.JSTA*JISLSLOIIII.AXPP(11),h,
2 NCVCSN4PEAIPCLOILASTSLAST.SNAXNTPEJTSLLAST.UJOLO
3 XLAST,)cNCb#XOLC

C EGLATICh CF STATE - SCIL
COINCH COSQISGliCIIEtG1,C2IA) .ENELI(4.'l.EQ$TAIAI.EQSTCIS),
1I E0STC26IE.S1Elt).ECSTGl63,ECsTH16ECSTNS),EQSTSIAI.NATLI2,SI.

MoRL14NOTALS
C EQUATICN OF STATE - POROUS

COMMON AEIe),NU4PIi),PO*A4,31.PCRSI4,33.FCICI4,3JRM.14e,3,
I VAOOP(4,3 IOIEt~PFCtVvMP#NC

C RADIATION DEPOSITION
CONNOR SS4300v5IYSSTCP(S),STORTfISISC~APSS7OppeNSPECVSSJOJSS

C COORDINATE ARRAVS
COMMON X(300) ,C13001,CML1300),0(300),CtLiACCIE-LfIOOG)hg3D0,3lv
I NEPI3OOI.PhT3OC)PI30C),PELt3CO),S(JCCISI3CCJSI-L4303,T13O~O,
2 UI3CCIUNL43CO).rWL300,21eL6300)

C HALFSTEP VALUES
COMPION ChtN1LAS1,CUK.Eh.PNShP1LAST,511,S#LASTUN*ULAST3h,)11I,.AST

C IDENTIFIES
COMMO OISCPTILOJIOENIJEOITIZCI.JIEZCAIlSI.IkCAVEi 31,hEDITNECTN.O

I NJEOITPNNSAUEZONNSEPRkATNSPALLNIEO?,NITEXNiRIIS I@ ED T 150
C CONDITION INDICATCRS

CaNPcN IMF 41 ITE89 PIPNCPv hCOPALtFCPCLjS9 0INTER* SOL IC @SPALL
C SPALL ANC RELAXMIICK

CauNoss NSNIEAIdSPIAAj ,uspisOatxspe 5OILPLXNICKNEPti4NETH
C

COMMON iPLOT/ IPLO71FPLOT(6JLIhES.1TFLCT.ATFLCTPIFLAGTIOISTI9).
I IPLAGJ

C
COMPON A1200)1

I UNOCiteG).TILIICOI,#CCMA6),NCEJ*,6)

11 tII.E1o.RLX46,I)

EQUIVALENCE IAC.f *IAACIIICS).IIOESCJIIE;G,011L129C)J,

C
I laP RUIST

10 CALL PNITIO.tiEQAIIV*91lOI
PIOSTuEIPIN
LINIlW- IRL, S NGINALNIAN 8 PGPCLSOIRP 1 014000180P
MINTI~mIll I ICLIC-I0S A SPALL-141 I hCOU.SkNOENO*
LSLls I

C 01A" APO POWlS DATA
lAU 41#4I.ICINTPIGtSCP1III..11

C CNICI PCO #&C Of LAST COTO C#C%
IF 1109.101 103,103

102 STOP
103 Will 116#31)

CALL SCATICAT)
Will 411034) OAT
hAITI 6S411IETIICTI...C
DISCOVIII.10- RATE a 8 OISCPTI21mCAT
*ISCPT131-10H JOINT A 1 ECODE IIC9,3.OICPTI4*1 loft?

SUBROUTINE GENRAT
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IF 1118 *EC. 1CH GC TO ICE

co T IC 1C
100 IDCxspACE 10

READ ?4oAIA2.NIEOTth3,MA*JEI1,*5,h6APEaZCtAm7,hSEFpRA
hhIIEfii,74)AlA2,NECT.*3,A4,NJkI 795A~eNtREZONtA1.AEftiSEAT

hIPIftC I?,hlEDT)

WRITE Ii1O*1 ,hI2,4I1III, I-I~fTI

IF INTECT *I. 1) GO TC 12C

REC 71 YAI3IJI I j-@v 1.I 3

10 IF 04JECIT *EQ. 1C) CC 0 12!
PEC 7&#AIeA;9TEII1-zss-JIc )ii

MEAD~ ~ 0 IcIE IC1191JCT
WRITE 1IO1,Dg.I(NImIv5v .IEhI)

129 Ih WEZO E .1C. CI SC OP 13C11.1

WRIM11IIO72A1 .A29IkT3,JCSMAcEZCSf
READ 3*,iTLe.DI,'LECAF
WRlVE(Is (1.3A1.~lAsRZ.NIFL-,P.UEZA.4EPC

130 REA

ARIDE 90,ekII72)AIIL(2.PI.Dl.AA4 CXSP3.2,SSM)A3N,
NEI ?D4.bPCAIP,1I.DSLA!L2hCA4IFLE

IT A4,NPC A).DhCIM9~PlLAoUE~A9~~
4 A~0lM)~Ii0SlN

IEQIC 90A5.D1O. ')M1NP.DICapp)*At*)CS4P @A29MOIXEGvAfPoN01A 0

C R* EA(C IN ~lCOS~TwAOSI, VMMLESS s
c

WR hITE 41699ZI At tA3.CSC 104e).3% A* CC)(P) vo59.O PEC SE 04 ilIt

Ifoc 90.3ISh.,AvA4#IEftSI1#2 I.A5,A4.tjSjP,))

C. CCXASP~C,C1 OF ALX IoITI PC0E.L A&C CCPP(P VAIDCUtS
c
C CC"*O Fl$il) 43 1 3) M 4) 1!1 It) hIP 0 ll
c INPUTl 41,111 Ill (3) (4) lit 44) 01) to)
c I OII4.S. TUNE - - - - -

C 2 $AND 11 T2 HEE V; &it IFS OPO iTo
c I CILA CIE PHI3 tit vp thpc
C 4 2-P V. TALS IT - -

C 5 GA4I.SON.UP0 iF PUUVI YDCf - -

SUBROUTINE GENRAT 4cotinud)
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cL
CC IC (220*2I0v2I~2i2*2IC.iIC,iICJ KSAPI

210 RISC 94#IAIIJvXLX(M.IlI*L,4)
UNMITE (16,94)(hl I)vALIEMqll.I-1v4?
ALI (No S 1-9L IfMid IC. S GIL IC 214

212 PEA0 94* M119)PLX(Po.-i1,S)

CC120 ISI3RLNI,I

IF INSOMN *EQ. 5531 M3-.~3IR43
220 IMELVII,-EPfLI(P2)-t.E20 I E0ELT(Pv4)-1.

IF M~AP .EQ. 03 60 TO 240

C **S EAC Is VEL VAIALE *'
C

20 RISC l2#AI9A*ZS AEEL3,A4,Vl-5 AAcm
UNMITE I II,10)AI*2,(ERL(N 3,IP(PvA**#VOO

20 IF (KPCP(N1 Ec. ) 60 To 250

c 0READ 7,Ik .IPELTVIAGPIL.I,

230~l * II, l0)*IA2vfELp*PP),l.5&

240 I (PI.1(Plle .92C- 0160 TO 215

N*NO141 1 32.0. kc~p210

UNMITE (II.S*)*I *2*R2,Alh4,Clw is!! .~CDEi.P

2CC 2C0 &t11

RCA
C ** EO i EI IA*SE

PMA&L4. 4.AI,-FZ fC*,).lCCRP

ISE 92I1 ,A4O1 * AfP*'IA*M~PA*~V40svo

25 I IKARM -IC- 1 ( TO 26

*0 86 %c-vkNTII,~i),s.,C0

14*A19101T( #W19& 9S4A3 *44oon sltnId

bolft~ ~ ~~~2 I S5)3#C PI) PCIpl*



WRITE

IF tk011 A. 11 CC TO 240

2" COMMA O 0 8

2800 fA I N ZIC.OONI MIE$

age a" 4Z.AlhZCFkESIIj2NCELLS(NI),A3*4.14(NUASA&6.ELX
I IM,1lATAADfLFIh(81I)

IF tICNES1111 AC. 11 CC IC 290
AICISANISE 9)

I AlvA8.ELFINIX9,NI

C
C * '** & NO OF -L CA)V 0 * *

c 0*0 CALCLLAI ZONING ANC l&IIIALIZE CELL ((A0CIUTES .e

OC 380 kZaI.AZCA
WUNCELLS11MAII 11 RA130.1. S ft-C. I CX-0ILX1P.hI)
if twoX*O11J1~,hil .UC. C.) CC IC 24

C PSIP&*81 FOR GEOAETRIC FtGAf$31A CF CELLS

C4 fta f C.) cc IC 319
us If 101 .thip. l ."I. c.1 Cc to Mc

31R0-1IM4.CiI98 Go IC 34C

31 0.0f *14 1 11 11b0"I I8(N- I I

380 ,I3MJhCiLS1Pt1I 6 JI-J~i

XII X1I1I#CI
34s CIPPAI IC*C%*F I
1110 XiJ I JVI-l. Ik 1) ~

IF 18*19. .vq. c) Go to "a0
C
Co***"#I* SACIT1 cI'Qstit
C

CC~l 469 3,1*si.8FC.A.3*

a800 VAST MI 011, 14I1??Ii 1
SC*f*4 1441 1 (11I8S SDIC6s

IFll IIM w#110 so s to 42

"S116*1 It 1108961.
C
C *83118*8? 30lf1Culp 11PdT

MUROUTINE GEUEFAT tok. woc)
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OC 415 NNM'4s.HNU

414I158

144.1 1 GC IC 430

C $LACK BODY INPUT
42C TEX1.NII hiKa 452IF (I .N. I I cc to42

INEAC &00MIl13,1-103
bAITI S81A1l.1C

*24 PIAE 9aA1,AjeIENPqA3.A4#1(AL
b*llf Siid#igIAATEPIP.A3vA4#fCAL

*CAL.BCAL*A%4lE
CC 428 NP-iicS

C CCPFLIATICA CF AeSCAFTIC(CCiFICII&I - A.
430 jetc-1

00 4eC P-.hpPLS
T CC 433 RIi.i.ics

433 6CE WI1..

CO 445 14C.1hC.~

CO2 445 $W. 1 '"444.
436 IF ENEOG .Gt. bCE(P,#.CI) GE IC 44C

If ICCEINSPIC.NEOGi .GT. 13LINMM#EPPI CC TC 440
hfDG6.hEDC.I I GC 1C 438

j I )/AGLf
45 COIN,1 ILE

C
C 0lS1UISUll FInAG lIC CELLS

00455 iJI.80

if (111141,1 *I. 1.1-201 Go 10 410
W' ~ ~ ~ EI If I(M I.-EXP I- I.*Ac (in)1011

450 cobTIMIE

&M- PAl I
It 11041 Lt. UR13) GO TO 4t4b

C UK0 OP MISPIC Loop
461 Cnll 141 9 GO to !<C
C

4 11149, P~~ Z~

41 sEl GI.AJl)IKITl

00 480 P.IkPIPLS

5000 411 J-.11.460

14* IPF'4CEEIII*

Do W 1-18

If 1101,CT0IPLCT-11 S00*tClvC%
Sol C.I I 10L'fVQIILI*I'Il40I Ift lF~jI I 1iff~itI ~ ?Il-

SUBROUTINE GENRAT (wntinkwfl
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TC 500
$09 RIAC a.1IFtT:'I~,bA.1~

IF IIFPLOIIIJ *EC. C) GC TE SIC
FEAC 2ZD1.A2,1TPLCT,A*WTPLO1,A4,IFLAC1
PRINT 2lAi.A2,IPLC.*3.~TrLCT.M,#IFLAUT

510 If IIFPCCII2l FC. 0f CO TO seC

PPRO1 Ue.tv,*2e 41HIST4I1) ,Z1.I3I I 11 , I-?,49J All, IFLA6J
r
c CflECK FCA 11-F ENC, OF CAIA CfCg
SOO *tAC &C#Al

If (1CF,1OI *0OoSAIJ
513 bahII ltIiM

If IECFqba) 100051!
C
C *** NhFIALIZE COi11NCf~1,E.IEAAC Y'IELD %AR)ASLES *
C
6CC .1-c

* cc 630 P-1,NNIDLS

A 1.1-0. S C.j-.5
IF IMFOIN,11 .&E. C) GC TC &CI
104%SCLIC 6 PUN-PUMN S CCC.K(CP)
CALL fCSTU(J,0l-IMPil',CjJI 1211
GO IC 401~

"I1 M4-POROLS I 00LD-0ftEF-VHC10N) I kC-1 I F'i. I F-C.
CALL CE S1E.eCP,.,.PI.dC212/17

JI-J*1

ChOLIJI*Cli)-CJ

ko J. 11-1,14h

It JI1111S too )

it Nlofi MIi#ON Ii

60 4IJ)wAJUSP.7 S I))fLl,1 ET I

&be IAMI

CI Urn- I - 12
IF IMAMf) li),100910

C
C~h'O~* ~ 1F01IV 0 11O~

J'Wl 0Ili too, iICICII)UJ.C

Ift-0.

vC 104 h3i.1k5pIr

C its? #to SITTI16C J$141.
so ltIPC.&$IiUt) ftv. 1.111 ?1.

F ISTCAh E(#*C f(*1GVGV, Cat(OJ& ft~ tm %AO CMO d111 to-a

SUJBROUJTINE~ GENRAT icatnwed)



?10 :*JZIhGIJFIfW-1,C*K,JtICIP)

f IF I~ EC. JIALI71 WCC T C

IF 4aJ-ME.~ SO, GCa=1 TC li ics.1x# *. 1I. oUZEOO .41CSP119111

C**0*.****I~ VELCYICCI!
UC 14iiONTL

00 cSA -if1av

20J)-XJ1IN2i0jI * ,G 1

R.K-Jl. ILI

$14 I 918 1h61 ULIC11.tjI1P.tI).3,C

bP. IT IlE4ItIS(CI

Soo CALL MECNOTMh1IX S ctjgstbiR-FIRI1

12 18l3 16*113
Pf lushEI1IA~/ IM
1 c.1 ~ I EC 5PD 1(J U

10 11 14 hL~ t~.

11 IlCMIS 113 1& (*GC ASt # E UCP.3CM

I3 1ONA .1* (jg5 & c 5 L PCc I Lf
.4 oil TO$ 4 JJI PAICAiAL i", CiJ

3 11021. Cm ca cP/MC EstC# CM/SECP cm/CF I4KI G$./Cl.2 OvfJCp.4 11p

22 IlNi 1044C. lil P.ISA.IM cc0

if FCOPAT (14,i

it3111.O 1O* (*.l.tt.2.3MI44(c.D F4sm /

43 umO ih~.VE-aai
O1 A 1051 101 111AAp 14X

61 ICIPAT 43104.2ASS
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70 FCRPT ~1Or.34(N.2)
74 FORAT 142A5010.))
6FGAPIAT tAI8,2E13)j ~~7FPA (SUBOUINEGER cocudd

78 FOPATUA91411

?9 FOPST10WE0.3

150 ORMAI( 1Xv 115
VC~~~~ ~ ~ ~ FCPT.40I'.*f~1)
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C

C INEEI ENTRY LSINESCLCSF

C RALSCELLPONT EIECLSAO 4
COcNCFCS0b.E1NOL DH~l~PT~CAUCOCF

2 NECEPS,PGAftNPLAS1,$LCS1,SAx.F1p,1,SUASLr

CPI EL AN CF oSTE SCI
COMMON CEFCS*,)c,)CAVEI4,,EDDPC9I~CPELEECE TiEIIGtr .6),O~t

I FCRSTCi6iEcsl),hl '6FISg I ESI M6 ),ECS1SI~tl ,PATLI2,6
2 NCUC58NRoP6) ,RS).TSrS163hACCI63,vOPE97aSNC(61.NPOr(8,2
3 XL,PUNNTPL

C EQUA71C)N CF STATE - !CELIS
COMMO0N 5KSQa),61,PORAI ,233 ,P'ET4,),CQC(A3) ,REQCI,3),

C RACIATIOh~ CEPOSITION

C CCOUICNATE ARRAYS
COMMON X(300$C43C~C HL13CO) .O(3CCI#DHL(300).#EHILi3GC),NI3CC#3)t

I N(EPI300) .NErI3COI.PI300I,FiLt3CC),PI3CCISt!CO).Sg-L(300hoTi3CCI.
2 Ut3001,UIkLI, VH1(G0Cl,ZmLl3CC)

C HALFSTFF V&LOES

C ZDEI.IIFIEPS
COPPN CISCPI,01IEENT.JkCITC)J9l~iSI,).AE3*EDjThOTP*

I N4JEOZT,NAkEZON,NSEPRATNSPALLATET.1hTE,dNi'3I5JtCT50I
r CMhITIEN INEICATORS

COMMON INF.LliE,NItftNCRAPCCLv~SIWSfePSC.IO5PAL
C SPALL ANDC SELAXTION

C0O4MON tdSR6IT5RI,6LSPii),'P(C,LPL,IICK,hE~i,t!H
C

CIPESICN I.Io)

1O 1.11,1

CC. 0.0
C~c(4*i~xJ~S EO..D-ENLIJ) 6 LIi'4.5*lI~UIJ*J)

IF Icti~e)$oC(J)eutJ4l~)*U(J2ipI *Ec. C.) ?,s

6 42 CZtN)'ABSIC(J+1)-CIJ) I*R#C41N/CIJ*I)*CtJ)*DCLDI

t C TI. ISO

is W-04..OCM/AGIt4,) PIJII/EL.

LHL £J)-L

U*!LJ-HEOL-.5**f.L .I**I1.4IdCC.SANf
C tISIM ENVOY' ANC SlAiSS C0MP.LIA]II~h

fNM!RY *STRISS EWP

!F ION) 20.20.2%

CALL ECOUPP 6 LSL!I111 $ h-- 5 CALL. SCM STOP
C -. 1VUTf CIL VALUE OF SC

5OH-SK'L14-Pt4L(Jl 6 lFol..E4G'014110I Scvff-tF IF
r. UNCONSOLIDATED

MUP-Q. 3 CALI fC);Tl~b-Ot,VHLfjl.P.CCl

IF ZPHIIJI .1% .) 3,3
31 P 14L J -SH I.S-j).CL 4 f;0 lz C
39 NfJ91)510.10 1 L10I.39 S Gf TC 5!
C SELECT PON015 RfE110k

L(31-40

SUBROUTINE HAFSTEP
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IF (ON4 GT.RHOPVI 49,43
43 Nc O

L(41*43
4S NC -NC+ I

IF IOREF .GT. RHOPINC.1,NP) .AND. NC *LT. NPOR(M,211 45,60
C SO&.IOV49 HJI-OI

CALL EQSTIEI4,DH,PHL(J),"9CHL(J))

53 YAODN*V.AODIN) 6 NC.S
IF tNPORIN,1)1 5595S,54

GO TO TO

60 CALL POREGST lEM,0HvPHLIJh,MP,CHL(Jl)
1151.60
YA DON. YADO PINC , P)

67 COT.COSQI;I,NC3ICOSQINq,NC*1)-COSgIN.NC) )*OREF-RHOPINC,MP))
I /IRHOPINC*1,MP)-RW4.)PINC,NP)I
CIT IN,NC).1CIIN,NL, I)-CIN,NCI)*IOREF -PHOPINC, NP))

i /IRH0PiNC+1,1P)-RHtOPINC,MP))
LI 1067

C VELOCITY GRAOMENT A;4O TIME STEP PARIAMETERS
7U3 Ot4...Z.*IDN-DOLO I*IK&IX(j )II C.4+OL)*TNH)

DUHM-ANINI (DUH,0. I S CC.IMJ-(Ue.
CF-CIT-COT*OUHM/CS S CEF-CS*( I.+CP*1I...5*CF)

C DEVIATOR STRMS
If INSRIM) .EQ. 0) GO TO 78
0RNO-OV1-DOLO I DAVG. IDH+DOLDI/2.
SID0.SOH S COEF.PMUM*ORHO/DAVG 5 MEOW-..*MUM
NsiRpl.,0SR,M) s 0OIUM-Mum
GO TO (730414,4,13,151 NSRM

13 CALL ikELAXISDt4*N1J,3),YHLIJ),SOODT1I,TSRIN.I,),0RO,COEFYAW0)1,N,
I J,TsRImvi)hYOI~lONSRK)
GO To so

isCALL SAUSC)4tIN(J,3),SDOS9HYH4LIJ),Y0IN).YAD0MCRHOCOTEF,TSRNot,

Ill SON- S,4LIJ . 0IJ044 $NDL I/.SIJI-5C9C'0HN*LtDOL

VF ((2)4 LT. ) L T. K 1F) GOQ T 0.)9,0

95 Sk.LIJ) tIJ)SO S O. M().SFCOXHM(t4O

lo IF IL5Ust3l .-,E. MAEFRI 0 ~O 120
L$SIl).LSUSlI).
WRITE 116.1001)J#4,*$,OilHsPtLIJ)SDN,4ILIIh.A,S)
WRITE 11815001? CILtj),CSC!TfCOTvCIT*RI

120 RETURN
I0' FORMWAT W"0* STG* IN )4AFTITPw N-I4#44, J-1494fie OE10,39

5000 F0FMAT lASNH AfST*P, 4-Il,4), N*14,4#4 E4'IO.3,4N DH.E1O.S
A V4) f0.Sm $O4.E1*.3.3pi L.0)1)

SOO,, FORAM lA4t C-.04s CS'E10.3,Aho CEF-11O.3t,&N, COT.EIO03,

END

SUBROUTINE HAFSTEP Vioncluded)
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C SUBROUTINE CONTROLS THE PSIN CALCLLATICA CYCLE
C *COA4TAINS 4 PATHS
C 1. NORMAL - COORDINATES blIIA PATEPIAL
C 2. INTERFACE - IhTIPFACE EfTbfE& MATER IAL!
C 3. INTERFACE SPALa. - SEPARATED IATEAFACE EETWEEk PATERIALS
C 4. SPALL - COORDIhATE AT WHICH- SEPARATION hAS OCCLRRED
C * CALLS IPAFSTEP FOR IHALFSTEP CALCLLAIICKS AT EACH CCCPCIhATE
L, * CALCULATES X9 U, Do Ev AKE CALLS JSTRESS TO DeTAIN STRESSES
C * ClHECKS, FOR SPALLING AND RECONI1INlCh
C 0 CCAPLIES PIAIPUP FEAPITTEC TIRE STEP FCA NEXT CYCLE

C * SET DOLOEOLCDDB,P(J).SIJI Ih FREPAOATICA FCR JSTPESS.
REAL MA7LvMUvFUP#MUUAENNET
INTEER HvPOlROLS#RINTERSCLID.SPAL
INTEGER NJPHJ3

C PISCILLANECL$
COMMRON CEFCKSCAVG.CELTINCCCCPHC,CTP INCTtw?,CTNH,,OUeDA.EOLD.F,
I FNAS~tJ.JCYCSJINIT,JFIN@JSNAXJSTAR.JTS.LSLSILII ,NAXPR(II),N,
2 NCVCZNPERNPCLDALASTtSLAST.,SPA),Tf.TIP&,JVSULASTULC
3 XLASTvENCWXCLC

C EOLATICH OF STATE - $CLIO
COPPCN COSCI6,b) ,Cl16).C2I63,ENELi. 3,EGSJA16),EQSI16),
I EOS1DI61,EGS7E),EGSG(4)ECSTH6)ECIh6ECSTS6)NAL26,

1 ULI6I14N01461.RHCS4bI .TENS16,3)&YACCIAIYCICI,.JBAOIAINPCPI6,ZJ,
3 M*NUMNNMTRL S

C EQLATICK CF STATE - FCPCUS
COPMCN AK(6),NUPIE).PORAI 4,3),PORbI4,31,PCRCI4.3 9R'eCPI6,3;,

I VACCPI'e,3bOREF*PH'CTVPFAC
c RACIATICh CEPOSITION

COMMION SS(300,SSSOPS),IIARIIS)SCUPSSTCPSFECSSJ.JSS
C CCCROINATE ARRAYS

COMMON )(30O2,C(3t.C),CHLI3CC).OI3CC),CHLI300lEHLI3O0iH(2 CC,3I.
1 FEP(30O) ,hETI3aC).P(TCCI.FHL(3CC cV3CC),SI3COl.S'1 '3001,113CC),
2 UITOO)i .HLI ICC) ,HLI3OC)ZHL I CCi

C IALFSTEP VALVES
CCHI@CN CHDHLAST.CL 'E)PHRHR-LASISiv4HLAST .UH.UHLASTXH.,CHLAST

COPPCN 01SCP11 1OlICLNTJECITUiC),JRElChl1i,)NAE3)ihFOI1,NEDTP
I NJEOITNRiNREZONNS.EPRATNSPALLNTED,TFXrTRI5),TECIT(5O)

C CCltICN INCICATCRS
CORWIt N INF . LINTER MIRROR ,',ORPAL tFCACL sR ER SCL IC SP''

C SPAKL AhE RELAXATION
COMMON NSR6hISRi6.6),USP(50l ,5F(5C).FLX,MtCW, AEPN,PETH,

C
CIP(NSICh LIAO)

C

CALL SECONC(XNOWI 6 DIJR- NOW-F IR$T I DI-DTPvI -1.
5MAT=O.

C O§UTfER hVORC LOOP
DC 1000 hN-I.NCVCS
TIMfI IME.CTNH.

JiPALL -0

CC 90C J-J I I 1TJF Ih
IF (1,548(11 .4f. CCTRI) CE r

3 $OLD0X14) A LCLGaUIJ) I 5 CPi
If Ir(JoZ) .EC. NORMAL) GO TO I(C
IF I H(J ,21 *EC. LIMYP) GE TE 9C0
IF 1141Js 21 CC. RIIUTER) G0 10 2CC

IF 11-IJP21 EQ. SPALL I GO TO 3C0

IF IHIJV21 .1G. NippoR) 900440CI. SUBROUTINE HYDRO
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IC1 NRMAL PAHWTHNA:ATERIAL~G.~E.R

I LDBSI0NLAST AGT. 1. OTS 0

CHO 014L 9 11 6 .PNLIl ~.*YLJ+H(-l
C VEX( L+OTY j CALCULATIONS G ToBo

10C CL DASENSTP ACLTO

OOLJm.OOLD/U...5*DTM4S*IUIJ.5-U ,LAST ( )-EAT

C VELOCIY CALCULATIN

10 SSISCOORINTCACLIO
E(JIEL-X().*OT.NLASI*(1./DI)-.OLJSGS1

C ENERGY~i CALCULATIONS

C ~~STRESS CLUAIN
DU.UN-UHLAST S HJ-SOLID
IF I&HIJ-1*11 .EQ. POROUS) .OR. IHIJ,13 .EQ. POROUS)) HJ.POROUS
HJ3w2
IF INSAIM) .EQ. 0) GO TO 136
IF IABSISfI-PfJl? .GT.YJI HJ3-2-IFIXlSlGNlI.,S(Jl-PIJI)I
NSRN-NSRIM) S GO TO 1IID,104,104.106,1051 NSRN

104 NENI4..5*IftE~fJ?#NENIJ-1 S NETH-.5*(NET(J)*NET(J-1s) $GO TO 106
105 IL-MINO(NIS,3?,i41J-I,3)) S IN-NAXOII(J3hqHf-Iv3)

IF I(IIN-IL-I)'OII-IL-5).EQ.O).AND.IHJ3.EQ.21 I L-IH
I4J3-IL

106 CALL JSTRESSlNvMPJEJ~rfJ9NJ39YJ)
UNLIJ-1 I=.OZ5*IU(JI.UNEW.UL4ULAST.9*JILAST

IFIOT.LT.O.OI OT-1.0
C
C CHECK STRESS AND SET INDICATORS FOR SPALL
108 IF (RIJ) ST. TJI GO TO 800

IF I(ISEPRAT .GE. 00 OR. IF *GT. 0.0) GO TO 110
RI~lS(J-pf)- S 1 O 00o800

IF INIJJ*2) EQ0. 1)1392
112 CONTINUE S NSP*H(J,21-1 S GO TO 115
t13 CONTINUE
114 NSP.NSPALt-Hl Jo2 INSPALLOt1

11 SFINSPIK(tj) S USPI)4SP)-Utjl
IF ILSUB19) GE5. RAXPR19)) GO TO 120
0ESC-I0N SPALLED
WRITE (1M.5115) OESCeNNNJNSPALL.NSPRUJlPTJYINE
WRITE I 1*95O0l01 .TRIi1I#SIJI Cf~l ,OtJ ,rJ),U(JI,UH,DHEHPHL(J),

WRIT (189S0511 0(NIN,flTNH.UIJI1,KIJ.I) ,xEjICEF
120 JSPALL -J

RI JISSIJI1JI.O.
GO TO 600

C
Coo******* INTERFACE
C
C LEFT VALUES ARE IN UJ-11 CELLS AND RIGHT VALUES ARE It~ I) CELLS

SUBROUTINE HYDRO (continued)
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200 ML AST -M I, MPLAST-MP 6 OQ-M14 I$ MP- NPORIM,21
I I ZOO

CALL HAFSTEP
SSJ-SSCAL (J I

C FIRST ESTIMATE OF UN, HALF STEP VELOCITY AT INTtRFACE
20S J1"J-1 S J2-J-2

UM",.S*IU(J),U(Jl t I-DTF*E*gRIJ.1)-RLAS'.A.*RH.-R"LAST)I
t IZHLfJ)f

7
HL(JZ1)/6.

*SSJ I=SSCALIJII

IF (LSUBI1OI .;E. MAXPRIIOJI GO To 209
LSUS 110 LSUS L01+1
WRITE (18,5002) NNLAST.MUN,#U(J),UHtUNLASTRHRHLASTRLASTeRIJ.,I,

I R(I.RIJ+11
209 ITER.0
ZIO ITER-ITER+1

SIJI-SHLI S P(J)-PHLIJI S SIJ11.SHLIJ2) S P(ilPHL1.JZ)
C
C RIGHT SIDE ENERGY AND STRESS CALCULATIONS

DU-2.*(I*4-UMI
OOLO-O) S EOLD=EH
OIJI-DH/I..DTNH IUH-UMI/(XIJ+l)-XIJI))
EJ-EOLDsRH*(I ./IJLD-1./OIJ) I,2.*SSJ
NEKH-NEN(J) S NETH-NETIJI

C CALL JSTRESSIM.#MPJEJ.NIJ,13,HiJShYNHL(JII I
C LEFT SIDE ENERGY AND STRESS CALCULATIONS

DU-2.*(IM-UILAST)

ITERATIONS TO COMPUEATE NEFC EOIYADSRS

IF (LITER1 E. 10) R(~ GO2TO221

IF (ITR Gf. 10) 224,213

CN AD ULTIPLE TERATION ROUTE
218 W3-UM2IiUN-UM2)*IRJ12-RJ21/IMJI-RJ2-RlJI ).RJI12I

UNI -UM
LJONAMAX1(.2*(A8S(UHI4ABSSUHLASTIABSUN2i)*FLOAT(ITEAR**2),100.I
UNUMu3-AMAXII UMI-UCONAMIN1IUM3,UMZ#UCON)
RJ2=RIJI S RJIIsAIJII S GO TO 210

C 2,40AND FITIST ITERATION ROUT

UNI.UM
IF I(UMAXUH)*UHASST- +SUMI . S. 0) 225, 2 FOT(TR02,0.

UHUMAMA IMNIUM,1. IOJAMA I U3UMZL A 5?) .OAIIAM htAT
RJ11-RIJ1 S RJ2-RJ1I) t NeU GO TO 210

522 FOIMAT I4H TERATIC N ITERTOE DD~U OVREA ~*

A1 SI-R(SJI)S J-IISUdM GOT 21

C ENiG OF INTERFACE ITERATION
C COORDINATE CALCULATION

*225 U(J)-U~j1I.UK)O-2.*OTNHI4fmH-RHLAST)I(ZHLIj2).ZIW fil

1* SUBROUTINE HYDRO (continued)
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IF IN*NN .EQ. 1) UfJl.UIJI)-UM

J XI~kIJI .XJ..'TNH*IUIJI+UOLOI
OT.IxIJ.11 U J.1I*DTNH-X;J ) )CEF
IFIDT .LT.0.01 DT-1.0

C EQUALIZE THE STRESSES

UHLIJ2)..O25SUIJ1I+UNEW.UOLD.ULAST) *.9*UHLAST

UNEW.U(J)

C CHECK STRESS AND SET INDICATORS FOR SPALL
IF IRIJI) *LT. TfJ))) 230.800

230 HIJ*21.SPALL
L121-230
IF ILSU819) .GE. NAXPR(9)) GO TO 235
OESC-IQ14 tNT SPALL
WRITE 16,952301 OESCN,NNMLASTN,R(Ji),TIJII ,TIME
CALL ED0DIMP

GO TO 800

C******$** INTERFACE SPALL
C
300 IF Ui EQ. JINIT) 330,310
310 MLAST-M S MPLAST-MP

LI )-310
C LEFT SIDE

JI-J-1 S SSJI'.SSCALIJI)
XLOLD-XIJ-11 6 ULOLO-U(J-1)
UIJ-I ).ULOLO+2.*DTNH*RHLAST/ZHL Id-2)
0IJ-1h.DHLAST/(I.,DTNH.I.5.IUIJ-I),U1OLD)-UHLAST)/IXIJ-1)-XLASrIP
XIJ-1 ).XLOLO,.5*OTNH*(U(J-I ).ULOLDI

IMLIJ-2)..25*IUj-1 ).UNEWd.ULOLO.ULAST)
If IJ oE0. JFIN) 900,330

C R3 -~ IGHT SIDE

3302).330

IIABS(UIJ)-U(J.1)l *LT. 1.E-3 .AND. NSPEC *EQ. 0) 331,332f
331 H-UJJ AR.IJ) S XH.*KIJ+1)XIJ)+DTNH*Utl)
XIJI.XIJ).DTNHOUIJ) S DT-I. 6 SSJ-SSCALIJ)

IFJIEQ NIT) 00,.335
332 ALL AFSTEP

SSJ-SSCAL(JJ % UOD-UIJI 6 XOLO.EIJ)
fJl.UOtO-2.*DTNH*RH/ZHLfJ)

DIJ).ON/iI.+OTNN*IUH-.5*IU(J).U0LDI)/II I)-XIJ) I
XIJ).XOL0+.SO0TNHOIUIJ).UOL0)

IF lOT .Lt. 0.) OT-i.

C CHECK FOR RECOMBINATION
IF 0i EQ. JINIT) GO TO 000

33S IF lX(Jl .Lt. XfJ-11) 361,8000
361 IF ILSUB(91 *GE. MAXPR19)) GO TO 365

OESCIO0HINT RECONS
WRITE 11805230) OESCNNNMILASTNN(J-1) .T(i-I),TIME

c RESET ARRAY VARIABLES AND 60 TO INTERFACE ROUTE
365 HtJ.21.RINTIA 6 XIJI.KOLO 6 XIj-1).KLOLO 6 U(Jl*UOLO

UEJ-1).ULOLO 6 GO TO 205

SPAL. WITHIN A MATERIAL
C
C LEFT VALUES ARE IN J-CELLS £1N0 RIGHT VALUES ARE IN XSP AND USP
C
400 NSPvNIJ.2) S XOLO.XSPINS$Pl S U0LO-U~iP(NSPl

ULOLOSUIJI 6 TIJ)'0. 6 44JI-0. S ON.Kt .11-XOLO
LII)a400

SUBROUTINE HYDRO (wntinued)
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C LHS CALCULATIONS

UI JI.ULOLV*.*T3'4RHLAST/ZHLIJ.-1 I

I0(J)D4LAST/(1.,OTNHeI.5*IUIJIULOLDI-UHLASI)/(X(J-XLASTI)

X(J).XIJl..OTNH*IU(J)ULLOI

C RIOS CALCULATIONS
OOLD..ONLIJI 6 EOLO-EHL,JI
XH-.5S(X(J*1 ),KO.024.25*OTNI'IUIJ*1I.UOLO)
Ih-..5*UIJ.1).UOLO) .5.OTMH*R(J+I1ID*OE
O"L IJ).OH.ZNL(JI/(DX..SSDTt*4*(UIJ4II-UOLD)I
EHL(JI.EH.EOLO-.S.IRtJ,1).RIJI*11./I./DOLO).SSCALHIJI

C PREPARATIW' FOR HSTRESS IN SPALL
CALL HSTRESS
USPINSP).UDOD2.*flTNH*RH/1HLI JI
XSPI MS P) -X OLD+. * *0TN* ( US P I NSPJ * U0L )
OIJ)-.*(OH.OHL T)
DT-(XIj.1 ).UIJI.OTN-XSPENSP))/CEF
IF (OT I.T. 0.) OT-.
U1I LJ-14 .25*(U( I j 'iE+UOLD#.W.AST)
UNE W.U SF1N SF

C C"HECK FOR RECORB114ATION AND RESET QUANTITIES AT J
IF IESPENSP) .LE.XIJI) 410#800

410 H(J@2)-NOANAL

XIJj-.s*IE(JI+ESPINSP))
UIJ)..S*lU(J$+USP(NSP) I

IF (NSP .EQ. NSPALLJ NSPALL=NSPALL-1IF ILSU6191 .GE. MAXPR(9)) GO TO 420
WRITE (18951151 DESCN.NNtJ.NSPALLNSPRIlJI.TJTIME
WRITE 115.50501 OTRIJI,S!J),CJ),D(JI,T(J.UIJ)LD'4,OH4PHL(J),

1 tHt,4 f"1110,I.0111
WRITE (11550511 OTNPIOTNHUIJ$1),X(I1XKJI,CEF

C RETURN TO NORMAL PATH FOR STRESS CALCULATIONS
420 PIJ'.Slj)'.O. 5 OO&O-..*fDN+OHLAST) S EOLO..5*IEII4EHLASTI

YJ-.*(VHLIJI#YHLJ-I11
IF 10.3.oT *GT. OTMINI GO TO 103
OTMIN-0.34DT S JTS.J S GO TO 103

K C
Cos***"~** MIRROR AT FRONT SURFACE
C
500 Fl- # 1 S MNPORM,2)

CALL HAFSTEF,
OCLDON S E040'EN $ 0U-2.0IUH-UliJ)
0IJI.OMDI11.TN04.1W4-UJ)/IXIJ11)-XIJI))
$SJ-SSCAI(JI
EJ.EOI.O.H$l1./DOLO-I./OIJI).2.OSSJ
SIJI-SKUjI * P(JI.PIIIJ
MENH4NINIJI S NETH-NETtiJI
CALL JSTRESS(N.NFMaJtEJb4EJ, I).NIJ,3I,YItIJII

EIl )XfJf+OTNI4u(jl
OT-hXIJII.*OTNH*Uij.I I-X(JI JCff

IF (RU)I GT. T(JFIFI-I)) C.fl TO 100
HIJ.21.SFALL

DESC -10ON Pit SPAIL
WRITE 11452)01 DtSC#N.NWfN.N.RIJ I T(JF IM-I vTiNEf
PtJl.RIjl.SIjt-TIFfN-1 10.

C
csooee..* 1*40f MIRROR PATH4
C
1100 CONYTINUE

L14)*000

NKtAST.EH0 6 UPNA$T*U" * RNLA5ST.RU I IMLASTo0N

E&AST.EN I %I4LAST.$N

SU~BROUTINE HYDRO (coninutd)
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C

IIC TIME SUIP CALCLATION
022 IF IOT .LT. OT0I'43 $24PO26
024 OTRI1WOT S JTS.JIi. S2~OTPOOT

IF ILSUSEI*:OGE. MAP1I11 GCTO 050
WRITE 11 . 01~ OTR W .. IJ hOIJI.TIJIUIJI i14,04,EHPHL(J),

WRITE 41600311 OTNIN,OTN,UJ41,XIJ4I) ,XIJI,CEF

LSUBII.LSIII*l

rC JSTAR CALCULATION
IS0 IF (AI1SIUfJ)1 *LT. t.E-31 95t#900
051 IF W .GT. JSTAIRI 052,900
052 JSTAR-J-1

GO TO0 990
C ENO OF HYDRO INNER LOOP
900 CONETINUE

JsTAR-;F IN- I

990 OTN-OTI4GOT 10

JTNT-JPAL SHIJINY TZ21 PALL
C ENDOF 4ONO UTERLOOP

IF ILSUSIS) *LT. NArPRII2I 1001,1002

1001 CALL SICONITwI) S OU..TWtX-XNfOW

I02 ETURN
300 ORRATI 16HOHYDRO SG N. -493H .1.14,04 14jj,Z 3-RI)
S02 ORMAT 12114 HYDRO, INTERFACE* 14.15,414, N1295H A14D 12,54* UK-

1 10.1/ 9N USJ).EIO.3,*4H U94.2f 0.3,44 RN.2f10.3.

ITN upEI. URI Unz UN3 R~iJ RIt J

4 Ok I.J Ril RJZ Ritz2 51.1) st-I) I
5003 FORMIAT 114,912110.31
5004 POMMAT 116H --- WT SDALL UN- 2f10.3.44 DU-2110.,14m DR-ZEO.

1I1 H RN2I.4./l4E,3m X.21103O. U.21.3m 31I-Z11O.31
5010 PORIIATI22MN IfORO COMPLETE---.14,221. CA1,CULATION TIRE IS F10.1 ----

MI1S FORMAT 1114 oAIO.1H No NN.214.41. J-14.*Mo RISP'.2I3,T. A. T.2fIO.3.

11230 FORRAT IM v.6s o1041 , g-21O444 I4.213.T04, No f.2E10.31. TIM-,

505 PWRAT I ION H'VORO OT*110.. 3 110t-.3.114 S.tIo.3.4 C'E 10.3.
1 3M0.60.3314T.I10.13p 1)410.31 11,4N4 UNf.Fl..14 ON44..

2414 ["-10.34 PH.Vio.).404 AN-1IO. 3.41 %t1..1 , 1.14
5051 "IRMA, 114 OT=*60.3.9N.s UtJiI.110fl.3.14. XOS.ZfI0.3.

I W. CIP-1to.11
IP

SUBROUTINE HYORO (councluded)
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SUBROUTINE JSTRESSIIIJ,PIPJJJ,FJJ.J3,VJI
C
C CALL ED BY HYDRlO TO COMPUTE 9, S. P, AND TO SET T
C 0 CALLS ECST, PIREQST, AND FM4ELT
C * TERMINATES THE Pr 9QAM FOR A NEGATIVE DENSITY
C

REAL MATL.,M1UPPMU.UP,. ET.MFOW
INTEGER N,POROUSRINTER,SOLID.SPALL
INTEGER HJvKJ3

C MISCELLANEOUS
COMMON CtFCASOAVGDEL TIN.OOLDORHODTIN.D4TN,DTM4,DU.0,eFOLDF,

I FIRST,.,JCYCSJINIT.FIN.JSMAXJSTMtJTSLSUSBIII) .MAXPRtiIIJ.N,
2 NCYCS.PERfN,P04.D,RLAST, SLAST.$MtAX,TF,TIME.TJ.TS.ULAST.UOLD*
3 XLASTXNOW,XOLO

C fEQUAT 10# OF STATE - SOLID
COMMON COSQ16A.&hCI 16 61 C216) ,EMEMT9,Sit EQST 4161 ,EQSTCI 6I1,
I (OSTOSAD ,EQSTEIA),EQSTG(AkEOSTNIAI.EQSTNI6)hEQSTSI&2.M4ATLI2,&).

3 KMUAJ, NAT OttS
C EQUATION OF STATE - POROUS

CORMN ARI&IMUPI6I ,PORAI,,3),PORSIA4.3IPORtCI4,3hRIHOPIA.31.

I AODPIA,3I,OREPF.RHO9V.M,NC
C RADIATION DEPOSITION

COMMON SS( 30005) .SSTOPISI1,START 151 SOURM,SSTOPM,kSPECsSSjq JS1
C COORDINATE ARRAYS

I NEMI 3001,NETI300h9PI300htHL300),R(3001,.S(300),Sbtf00TSOOITO)
2 UIIOOI ,UML(30OI,YHL 13001, ZHL1300)

C HALFSTEP VALUES
COMMON OH,DIL AST ,OUHI,fH , PWAH IRHLAST .SH* SHLAST,uH#UHtAST. RN. ShIAS?

C IDENTIFIERS
COMO OSCPTIIOI,IOENT,JEDITI20OI.AEZN(IS.NDATEI 3hMEDIT,MgEOTM,

I NJEDIT.M4R,NRET0T.NSEPRAT.NSPALLNTEOTNTE,NRI&S,TE0ITISOI
C CONDITION INDICATORS

COMMON IW FLl 1TER. MIRRO49M0RNAL, POROUS RIMTfR Sol, 0#SPALLt
C $PALL ANO RELAXATION

COMLMO NSRI*) ,TSRIG6) ,USPI,0b.XSPI5O)LRkLI,NICEME.METN1T

01IMENSION Lt t0)
DO 1 1-1.10

I 111.0

IF 1014311 20.20,15
20 PRINT IOtN@JJ.Jtjj).110*

CALL E(00"P I ISUSIT).I A N%-I- 6 CALL SCRIlf 6 STOP
25 SDJ.Sii.j)-PIJII

F.IMELTIEJ..Jb I TF.I..JOICSTAINJI S DARIT-OUJ)6TF
C ESTASLISH ROUTE

if Imi to0. bOLIDo s0,30
10 IfIF .GT. 0.) GO TO 4D
c UNCONSOLIDATED RtGION4

Wit-0. 6 CALL EQS1tIJ.0133.'IPtJJI.ftJ.Ct

If tPtJJ) .LT. 0.3 3T.SI
)I PIjj1-I.Sjj.RijjI-O. 6 Go T0 IS

1*SELECT POROUS REGIONaf
ftbOPV.f.IUODPIS *MJil-ilNOstail I * RN4stowlT

if 10(jil C.Y. R".OPVI S0.,)

10 IO5ff .GT. 440100I-.1104 AND. 10C .T. 0WOtO.1,*) 10.40
C PRESSUmE. S04NO SPI1O, TINSILE $TRINGhII IN0 S4011

14 WIt.UIMJIO# I CALL [*S~t#J.OIJJI.PIJJ).WJ.((JJ)?

st YAOMVAOOMil11 I C-S 6 TJ.TIJJI.P

lFIEP-I~ I DP 1 S*.TSSW

S? COT .(OSO iMJ.A I sctf.(IIU.4I 1

GO to ?a

SUBROUTINE JSTnESS
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j CPRESSURE *# c lEbSILE S151KC71- Ilk PC1LS
CALL PCNEQS1IEJPt(JJhPfii),PJ.PPJ,C fJJ))

IF (TJjil Mh. C.) 05..7

(MCPftPJ-9HC(PJJJ*F

67 COI-CQSQM1JC*(CS(P.J.PhC.1)-(CSCIO.JJ*1)OCSEF -PPYP(MCMlPJ~I

C1T-CltPJ.CItCo(IIIJNCL)-C(.J.KCI )IC1EF -Pt4CP(D.CPKJI
~ I I /WMCoI ,1PPJl-",CFtkC*MPJ) I

LISI-61::~C ARTIFICIAL VISCCSIrY
t0 CAP0 itP 914 1 CI 1. 1

C .IU*COr-c1T.CijJeCueICIjj2.OCLC)/i.
C DEVI1ATOR STRESS CALCLLATZCI

If ASAINJ) kIC. 0) GE TC 78
CRHOCIJJJ-CCLC J C5VG-fCIJJI4CtOI/i.
40-S.J S CC( =I F; ' 10HEs/ CAVC S Pf iv Z . *IL

RSP. MSEJ) S C..S*Cfk.4
60 TO 113*lSol4v13,15) MPP

is CALL*E*SC.!.JCO0.Ste1,b'CCf*mPJ.

1 4 CALL *Aft.ISJ,,lj1,fJSOC.O1.aatC.rCEF,PECbvAOCP.NJ4.TSatPJI

CC 1C so

If IAGSISJI .Llf. TJ9FJ 60 TO 1i9

C MMES CONPUIATIh

00 s(jjI.PIjjI*S0j 8 P(J~j).(JjI*.l

I.Sullal-LSVIII2101

1 * 10J.0.116.1, . .&..r-.I -. *k-.O~

M-11S.E0.31,

SUBROUTINE .JSTRESS (conckidedi
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c postck! PAIFOIAL
C

RALK NAIL&IO941410PLP

COMMO CF.wCKS,*AG*OFLT1rD.OLO.DRtH lC .t.Tb4D,1.COF
I FIPST,j.JCVCS,JlbiT.jFllh.jSP8X,.J!t.'.J5 101 111191AXPI.18.1$th

3 )LAS11Ck*XCLO
C EC"81ICIO CF STATE - SOLWD

C OO

2 lf$f LEI101

(cc.0~ 12117i
If INC-PPOR118j.I) 12#20*65

PI-PCA(Z.PPJ)

C IllikSIVY LiIN TK L1E8*5 PORCLS RE,;Ih SEFcRE SCLuC)
20 CALL fCSII1jvR.4CPvIjC1&hY.CC3 12(

FC'- oP0Sifb "Lit gIVISuIpt A&-b stt'cPyOJ & i"

W,*- 100401141 sea P"ma.PC lo

1.11 R4L-1Z.

c ~tJ&II'LISPII CALC~k15IP1e

if ICUL .y. 0.1 s0ivt' s

#0 WftI t I.S6S 11114fF)) SAit6TO

I kil.-11.3

IN omitm i lei par#4J 0-4"PM"Koa# -1C1

SIRitE OES (ovm

C~3 4..b 9( CL~AtF



SUIROUTINE REZONF

C INCREAScS CEL IZS TC GOIE MOE 1NTFACF nSTRED(TSOR PAL

C *STARTS HFZrIN;N, AT JRF ON A C, (IRKS TowARn JINIT

C
REAL AL,MU.MUf4,fMUP,NE#4,NE
RFAL MASS, MOM, MSLA ST,40ML AST, ANET , MOMNF ,T
INTEGER H,POROUS*RINTER.SOLfD,S0ALL
INTEGER HC,HJOLD2

C MISCFLLANEnUS
CnMMON CEF,CKS,DAVG,OELT IM,OOLO,nRHOD)TM,.itI,O1TN,U,OX,IOLO,F,

FIRST,JJCYCS,JiNI1TJF1N9 JSP4AX,JSTAR.JTS,1SU8(BI.N.'.KAP9il11 ,N.
2 JXYCS,NPFRN,POLD,RLAST,SLAST,SMAX,TF ,TIME,TJ,TS,ULAST.UOLD,
3 XLASE,XNO,OLD

C EQUATION OF STATE - SnlID
COMMON COSQ(IS,6I ,CI 16,63,C2161 ,EMFLT( ,5),EQSTAI61,F0STC(61,
I F.QSTD!6) ,E0STEE6I.EQSTG16bEQSTH116),EOSTN(6(,EQSTS(bi ,NATLI2,61.
2 MU(6).nf(f6i ,RHOS46hTENSI6,31,YADDl6I ,YO(6) ,J9ND4bI ,NPOR(6,2(,
3 Mt4UM,NMTRLS

C EQUATION OF STATE - POROfUS
COMMOlN AK16)vM(P16).PORA(493),PlP.(4, 3l,PDRf(14,33 ,RHOP(6,31v
1 YADDP14,31,OREF.RHOIPV,MP,NC

RADIATION DEPOSITION
COMMnN SS(3OO,5h,SSTOPhSISTRT5I,SUR ,SSTOPM,NSPEC,SSJ,JSS

C COFIRDINATE ARRAYS
COMMrN X(300),CE300hC(HLI300I,DI300),OHL(3Q0),EHLIIOO),H~(3OOi3,

I NEN(300J,NETII3O0,P(3" ,Pt~iL(3OOI,R,(3O00,S( 300hgSHL3003,Y(300,
2 UI13001,UHL(30O0hYHLV L4LI3OO'

C HALFSTEP VA,
COMO4ON DH,DHL AST. DUH,t,;HRH, PHLAST, SH9 SHLAST,UH,UHLASTt XH# XHLAST

C IOFNTIFIERS
COMMON DISCPT(IO),IO 4TJF EIT20OhJREZON( &,),NOATE13),NFOIT,NEDTM,
I NJEDIT,NRoNREZON,NSFPRb' NSPALL@NTEDT,NTEXNTR( 15I,TEOIT(5O)

C CONDITION fNDTC* <S
COMMON INF $LINTER, MI RROP,NORMAL ,POROUS,R INTER sSOLID SPALL

C SPALL AND RELAXATICN
COMMON N x(6),TSR(c,o6),USPISO) ,XS7(,Oh)LRLX.NICK.NEMH,NETH

C
kMMENSION CC(214 ,DXXt6),EC (20)tHC120,3)vV.ASS(?I),MOM(20,2),
I PCf20hvRS(71PSC(2OI ,XCI20I,YC(?O1,ANeM(20),ANETI2O

INiENSIOP' AM12Ob*ATIo3 NEWJED!20I

I CA.- SECONOIXNOW)
JREZlNfNRElON 'INOl0JREZONlNREZ:JNIJF INl
IFR RZON(NRE 0 1 .LF. JINIT) GO TO 900I IF JTIME,0TN4 ,LT. SSTOP4) GO TO 400

IF ;T);,E-.5*OTN4 .GT. SSTOPM) GO TO 2
TsMF -TIME.I$NH S S RMC
DO I J-jINIT,JFIN

I EHL(Jl EHL1JI4+SSCALHlJl
TIME-TIME-O-vNH & SlORM-1.

2 JLAST-JRFZON(NREZONI-lI M -0 S NJ-I
C
C SECTION I LOCATE JREZON WITH RESPECT TO MATERIAL AND JEDITS

3 M-M~I
IF lJREZOMN4PEZON)-J8NDIM)-2l6v5#3

5 JLAS1'-JLAS.-1
6 MASLAST-ZNLIJLAST)

MOMLASI-0.S*MASLAST*UI JLAST)
RSLAST..5*N4A!LAST*(RIJLAST).RIJLAST+1I) $ TLAST-TIJLASTi
DO 10 ',NJEDIT

10 NEWJED(Il-JfDIT'!t
C **SET JOLO, THE OLD COOPOINAVE VALUE, AND JNEW* THE NEW VALOF
C REZONdING OICCURS FOR CELLS BETWEFN JOJLD A~nT JIAST. MIOCFLLI. C * QUANTITIES ARF 5Ff FO0i JLAST-1 WHILE COnRDTNATE QUANTITIES ARE
C *sSET FOR JLAST.

J0LD.JNEW ILAST- IA NCEL -NPARE-fl

SULIOUTINE REZONE
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LOC-It ----
bfRITF 118,50001 LfIC,JflLOJNFWJLASTNNJ,I*EL,NPART PRINT

C ** SET OX (CELL DIMENSIONt AND XN ICOORt) 41 LFFT nF NEW CELL I FfOP
C *0 FIRST GROUP OF CELLS TO PE REZONED

EN. KfJLA4ST-1) a 0)X.X(JL&ST)-(N
N'UK- I S DXEIN).DK
IF (0N EQ. It GO TO 13
00 12 .i104

12 DXX(i).OXEM)eSQRT(FQSTYC(I)*RHOS(Nli(EQSiC(N)O*RNOS( I)I
13 WRITE 11IS1IIOXKII1.1-It")----
C
C so SAVE NEM AND) NET AT JFnlIT' FOR RADIATiON 0EPOS1Til3V PRnftLFMS

IF fNSPFC *EQ. O) GO TO Sn~
EDO 0ITI.NJIT

AM(I)'.NES(JE3
30 ATII-NET(JE)
C
C SECT'ON 2 - FIND0 RFOnNAALE SET OF CELLS
C

TERV41NAr!ON OF RFinNABLE SFT 1)F CELLS AT AN INTERFACE (PART I1
so IF (R-I1 T90*i3OtS5?
52 IF (J0LD-JSP4O(Pq-Il1) 790960,130

100 JLAST-JOLD-1

C RETURN WITm JNEW SET TO J5NO(Pt-I
C CHEJCK WHETHER JEnITS COINCIDE WITH4 JBNDIM-11 ORt JRN04N-11#I

00 103 NJ1I,NJEDIT
IF (JOLC .NE. JEDIT(NJi) GO Tn 103
NEWJEG(MNIP.JNEW+t
GO To 105

103 CONT I NO
105 on 1 08 NJ.'1,kJEDIT

I F (SOLD-I .NE. JEDIY(NJ)) GO TO TOR
NEWJEDIN1)-JNEW
GO TO 125

108 CONTINUE
125 H(JhEW*I.21-HJOLD2 5 XIJNWIlXiNFW.1;

N-N-I 0 j9NOIMl.JNFW $ TLAST-TijnLtD-tI S JNEW-JNFW-1
J*flJOLD-2 S XN-<X(JODO
LOC-125----
!ITF 0~8,5600W IO~,J0IL0,NFW,AStT,,NJPN'FLoNPART PRINT
GO TO 50

C TERMINATION AT A SPALL WITHIN MATERIAL (PART 51
130 IF t(H(JnL7OP .EQ. SPALLI .uR. iHI JOLD,?) .EQ. NOPRAL11IS155,32
132 NPART -S 6 NSP.H(JnOD, S XSAVE.XCJOLD) S iSAVW'U(JOIDP

X(JULDI.KSPiNSPI S U(JOLD)-USPINSPI S GO TO S00
140 JLAST-JOLD S USP(NSPI-UIJNEW.II

XSPtNSPI-XIJNFW4II S X IJ OLUt -X SA VE S UlJDLDI.USAVE
r RETURN WITH jNEw -conO Tn LEFT OF SPALL, JOLn-COnRD AT SPALL

H(JNEW*1.2)-NSP
O 142 NJ-1,NJFDIT
IF (SOLO .ME. JEDIT(N 'PP GO To 142

GO 71 145
142 L-N 1. u
145 JDI.O.SOLO-l

LOC-*145
WRITE 118-5000) LfC,JOLDSNEWSLAST,N4,NJ,N4CFL.NPART PRINT

C TERMINATION AT INITIAL ACiNOARV (PART 21

155 lFfJOID-JIMITI 7909160925S 12/17

160 NPIRT.2 6 GD Tr 50OPI
200 On 205 fl-lNJEDST

IF fjOLD .ME. JEDIT(NA) GO TO 20;
NE WJED(NJ P JS E W~1
GO Tosoo

SUBROUTINE REZONE (continued)
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?05 CnNIINUE
GO Tn s00

C
C TERMINATION OF REZONARLE SET OF CELLS AT A MEIT (PART 3)

255 IF (NJEOIT .LF. 0) 40 ff 355
00 264 NJ*XPNJEDIT
IF IJOLO MNE. JEDITINJI) G!) TO 264.

NPART=3
Gr, Tn 500

264 C OrT I RUE
GO To Ass

300 JOLD-JOLD-1
NEWJEofNjl.jf4*I

C * RFTURN WITH JOLn AT THE JEOTT, JNEW To THE L.EFT nW JFDIT. RIOCELL
C 04 QU4.4TITIES HAVE OFFN RESET OIP TO JNFW'1, COORDINATE QUANTITIES
C 0* up TO JNEW*2

Loc.300
WRITE (1150010) LOCJOLO,JNEW.JLAST,NiNJNCFLNc'ART P e
GO TO so

C
C TERNINATION W94EN NUMBER OF RElf)ABLE OLD CEL IS 2n IPART 41
355 IF ((XJLA$TI-XIJ0LO))I/0E(N)-lR.I 1#20#36006h0
160 P4PART-4 a 1r0 TO 500
'.00 .0LD4JOLO-i

LOC '400
C 00 RFT1RN WITH JnLO AT PRFVIOJS LOCATION, 'NFW SrT AT COOROINATE TO THE
C L~ EFT, (4IOCEIA. QUANT!T'FS HAVE BEEN~ RESET UP TO JNEW4L, CCOR0E'ATF
C Ow QUANTITIES UP IO J4EW4e

tRITF (18,50001 LI., jIL0.JNFW.JL&.ST,PINJNCFL,NPART PRINT

'.20 Jr-LD-JOLD-l % GO TO 50
C
C SECTION 3 - COMPUTE U4EW CELL (ftODINATFS AND PR ]PfRTIES
C
500 NO-0

0Ct-503 ---
WRITF 11895(00) OI, JD, J 4FWtJL AST, MtNJ, NCEL,Ph~kT PRINT

510 NCEL*MAXI I tX IJL AST) -xIjOLD)!/DKjxmi..6s, 1.)
IF (fNC%-L-,*(NQ-1) FQ,~ 01 Gl 71 610

C CHECK WHETK~R REGION Or 1,ARGE CELLS LIES fn LEFT
601 OrHIN-r)XXIMI 6 JL4STP-JLAST-1

LOC -601 ---
WRITE tl8,50002 LOC ,JLD,JFWJAST'4,NJ,NCEL,NPART PAIN!
00) 6m~ jK.jnD,JLAST*

DELX-XE JK.If-XI JK2
IF IOELx-nXHINI 6O2,6C,!,601

602 DXM14-DFI,X i JX.IN-JX
603 CONTINUE

IF l9XlqlN-G.8#rOE~fMl 6f4a5O;,756
604 JK.JXV'IN.1

00 605 t-JflLS.JXMIN
JK.JE-L 6 OELE.EIJK~i2-E(JXI
IF I ELX-0XXItN1 60S,6O5,bflR

6ns CONTINUE S GO) TO 610
600 JOLD.JX*I S NPART -"

LOC-604 4
WR ITE (1805000 LOC , Jot ')tJNFW, JL AST# 4,NJvNCEL #NPART PRINT
NQ-1 S GO TOl 410

C PIFGIN COMPU2TAT IONS FOR NFW COORDINATES
fi1e NCEL.HINOfJLAST-JOLO,NCFL)

OK.II(JLASTl-KIJOLO) lINCFL

X, TART=X(JLAST I x NX.SIRT-OX
C .* XN IS E CODROINATF LfOT;04
C *0 nx IS NEW CELL nINEFNSION

RSfh RSLAST

MASSEI I.NASLAST
LOC-610----

SUBROUTINE REZONE (continued)
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WRITE (18.500I21 LrC.NCEL,XSTART,OEX,XNRSLAST.NASLAST.P40MLAS PIN
WRITE (1825610,
oNp.N PnR I N2 P
DO 650 1-1,NCEL
RSgf.Ip.MASSII61p-ANAVG.AMSLPI-ANiSLP2-ENGY-CSPSSI.YS.0.

NWA 1 .1 )-SfLID
ANE04S-ANETS-0.

615 IF MJAST AT3. 11 GO In 625
XFNO-A4AXI (XIJLASTI ,XN)
IF IXSTART-XENDI 621#6219619

619 ONMASS.ZHLIJLAST)*(XSTARtT-XENOI/IXIJLAST4II-XIJLAST)Ir MASSII.11-9IASS(!111.ONASS

X S?-X START- XE NO
AMAVG-.,5b0PASS*Iuj,0lJL*IXSTARTXFNDh/Z.-XIJLASTI)/DXOL)APAVG

kRSF;-DMASS/r)X*4 .25*DunLDiflXOLD*XS2*(3.tXSI+XS2I
.'.,r,*)J.0tJL*XENO-XfJLASTIP/flXOLn0I*ES1I + ANSLIt

Al,!P-1 1  
!OKt OXX~ + A0MSLP2

ME FG ASS*EHMI LASTI
RSI1+11.PSII.11.OMASS*IR(JLASTI.IRUJLAST4II-REJLASTII'I(XStARtT#
IXFNDI/?.-XgJLAST) I/(XIJLAST.1 P-X(JLASTI)I
PS-l'S*DPASS*PHL(IJLAST)
SX-SX.OMASS*SHI (JIAST)
YS-YS+0NASS*YHLI JLASTI
CS-CS.0MASSOCHLI JLAST P
ANFMS-ANfMS+DMASS*NEPI JLAST)
ANFTS-ANE TS*DMASS*NET IJLAST)
XS TART-~XEND4
IF INIJL.ASTtll *FQ. PoROus) HCfIIPPOUS
HCiI,3I-P4AXO(H(JLAST,31,NCII,3)

621 IF (XFND ALE. XN) GO TO 825
JLAST-JLAST-I S GO TO 615

625 ECIU).XN 6 OC-HASSIV*11/nX S ECIII.ENGY/NASSII11
YC([)'.YS/MA.S$II.1) S SCIh).SE#NASS(PIl S PCIII.PS/1MASS(IIl
CCI II.CS/14ASSIS;.1
AMSLP.ALP#2.,ANAVG*AM4SLP2/MASSI 1.1
MONE I.21-ANAVG.AMSLP

ANE0M1l)-ANE0MSIMASS(I1I1 S ANFTII)-ANFtS/MASS(1.1I
IF (HCII.1) *EO. SOLID) GO T6, 643
MC 11,1)-~POROUS
IF ill .GY. EMELT114,110 GO TO 640
RHOPV.FI4ETECIII,M)*IRHOPIS,M4P)-RHOSIN))#RO)SINIII.,ECIIr

EQSTAImll
IF IOC ALT. *MOPVI GO TO 60#3
MCItqj).sflLjo S GO TO 643

640 IF fPC(I *GT. n.) GO TO 643

643 K-JNEWol-I
LOC-641

IPCIIISCliIyliI),NAS' Iktl.MCII,1I

zso XhA4AXkhXN-DXXIJLI)?
TliNFW+i ) TLAST
*0 610 I.I#NCEL
JeJNFW+I-I S CML~iJICCIII S OfALIJ)-IASS(II*1)YD
EMLtjI-ECIII i PHLIJ'POCIID 6 SHLIJI.SCII I
VmLj)-YCII) S 7Ht I VNASS I1 1 S 941,9ttMCII,1)
NFTIJ)-5ANETIII S N<NIJl-ANFMI)

R IJ+11-IASITI.R~fI.1)E'A151I)+,MASSII+1D)
Tiji.TFNS(N,.11 S )iIjl.KCIII S MIJ,21.NORMDI

* 670 MJ.3)*HCII,31
6 ONTI.NUE ~ I.I

SU1BROUTINE REZONE ;conti.~ued)
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MASLASTaMASSINCELeII
ItSLAST*RS INCEL*U I I TLAST-T(JOLD)
GO TO I6S0960,700,700,6851 NPART

660 RIJImRSINCEL*IP/MASSIMCEL.I
685 1TJ)-TLAST

Ut J 1.Z.*40OMLASTI/NASL AST
MNLASTaNASLAST-RSLAST-.

700 CONTINUE
LOCwOO
WRITE (10950001 LOCJOLOJNEWJLASTMNt4JNCELNPART PRINT

C SET JNfW AND JLAST IN PREPARATION FOR THE NEXT ZONE CAttu. iIONS
JNEWmJ-1 6 JLASTmJOLO

C RETURN TO APPROP'RIATE PART OF REZONE FOR FINAL RESETTING
GO TO ILOO.Z0,300*400*I401 NPART

C
C RENUMBER CELLS WITHOUT REZONING

750 TIMJEWillaTLAST

LOC*750
TLAST*TIJOLO)
RSLAST-.5sZNLtJO iOIRIJOLOI.R(JOLD.1D I
WRITE 41895-31

?52 JLAST.JLAST-1 S OHL(JNEVI.DHLIJLAST)
EMLCJNEWI.ENLIJLASTI S PHLIjNEWI-PHLIJLASTI
SHLtJNEWl-SlNLfJLAST) S Y"L(JNEWI-YHLIJLAST)
CNLIJREWI.CHLIJLAST) 6 ZHLCJNEWI-ZHLIJLASTI
HIJNEWo1I.NIJLAST.11 S HIJNEW,2P-HIJLAST.21
MASNEXT=ZHL IJLAST)
Ut JNEWsIISI 2.0MOMLAST.M4ASNEXT*UI JLAST.i i I It ASLAST.M4ASHEXTI
MA SL AST0NA S NEXK!
POMLASTo.5*N0ASLAST*U(JLAST)
RI JNFW.1 aft IJLAST.1I
TIJNEWI.TIJLAST) S XIJNEWI-XiJLAST)
NtM(JNEWI-NEfMIJLASTI S NET(JNEWI.SNETIJLASTI
NIJNEW*3)-H(JLAST,31
IwJMEw I JNEW.JNEW-'l
WRITE 116950031 LOCIXlttIDHLIIDU4I.1IEhLII),Rt*,.1p,PHLII I,

I SILtIIVHLIIITtI 1,ZNL(ItI DNI
IF (JLAST-JOLOI ?q0,755,752

C **JNEW IS TO LEFT OF LAST RENUMBERED CELL. JLAST=JOLD, THE LAST
C OLD1. COORDINATE RENUMBERED.
755 CONTINUE

LOC-155
WRITE (16,5000) LOCJOLDJNEWJLAST,M,NJ,NCEL,NPART PRINT
GO TO 176&OTh006,&OO,55I NPART

?60 RIJNEW+1)uRfJLASTI
765 UIJNfEW.I 1-2. ONOMLASTIMASL AST

TI JNE N*j).TtJLAST)
MONLASTNASLAST-OSLAST.
LOCSGO----
WRITE 118#90001 LOC.JOIL0,JNEW.#JLASTNNJNCELNPART PRINT
GO TO II009200.5OO,4OO*l401 NPART

C
C ERROR MES%AGE
C
?90 WRITE 118010001 NPAfT.J1LDJNEW.JLASTNJJ~FllTtNJ)MJB0IMI PRINT

CALL EWLU4P $ LSUDtI"1 S CALL SCRIBE S STOP
C
C ENDING ROUTINE - INTERFACE ANO BOUNDARY ADJUSTMENTS
C
600 JIPNIT*JNEW~l S "IJINIT#21-HIJOLD,21

IF IHIJINIT92I .EQ. SPALLI RtIJINITI.SfJINITI.PIJINITI*O.
00 610 J-JINIT,JPIN
L4LIJIs.S*IUtJI*UIJ~1 I)
SfJ.I)..*ISMLIJI*SNLIJ.1I
PIJ.1D..SOIPHLIJIOPHLtJ.II I

BID CIJl*CNLIJI
00 *20 MnlMNTNLS
J8,164011M1 S NIJ9*2D.LINTER
SIJBI*SHLIJS-lo

SUBROUTINE REZONE (contimsed)
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51J6419.I5-SKIJ8+,lI

PIJSIP1IJ1I)

IF IIIJI*1,21 .EQ. SPALL) S61I-86
#IS IJS."110001S-0. 6 GO Tn 620
sbARIJS,I-R(J$)l.5*IRIJ5v1leRIJBI)

620 CO4TIME
00 625 IwI,NJEOTT

625 JEDITI I -NEUXEOI Ii
IF fN$PEC .EQ. 0) GO TO 840
00 630 1-194JEOIT
JE=JEIIII
MEMIJE I-A~tI I)

S30 NETIJEIATII)
640 CALL EDIT

CALL CDOU04P
900 CONTINUE

CALL SECONOIT14IXI 6 DUR-TWIX-XNOW
WRITE 118,50101 JINIToDURk
RETURN

1000 FORMAT I2H# ERROR IN ?AEZONF, NPARTs13,414 JOLD-I3,414 JNfWwt3,
1 7H4 JLASTwI3q4H NJ-'I3,11H JEOITINJ~vI393N MmI3v94 JONOIN)I)

5000 FORMAT 113H4 REZONE, L0C*13.714, JOLO-13,TII, JNEW*13*@Ho JLAST*139
1 4H9, MwI314,H NJsI3,714, NCEL*I,.SI4, NPART-431

5002 FORMAT 11314 REZONE, LOC-t3,74, NCEL*13,94, XSTARTaE10.3514, 0X-,
1 E10.3,514. XN-EIO.1,04s RSLAST'E10.31014, AASLAST-Et0.39
2 10ON, MORLASTwE1O.31

S003 FORNATI215s10fI0.3,IERI1
5004 FORMAT 42I5PIPIOE1O.3,3)(9R11
5010 FORMAT119I4QEND REZONE, JINITI13*114 TIME InJ REZONFOIO.3,14 SECS1
5015 FORMAT121H REZONE# OEM VALUES P41t6,F9.I11
5410 FORMAT 1120H4 LOC J xC DC M0141I,21 MOMI1+,11

I EC RSII+11 PC S: YC "ASSIt+11 tHC(I1I
21

5750 FORMAT 112014 LOC J x D"lL UfII1 FW4.
1R11.1) PHlL SHlL VHL T ZHlL H411011
2)

3650

SUBROUTINE REZONE (concluded)
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FUNCTION SSCALIJSI
C
C IINCLUDES ENTRY SSCALH)
C CU -'UTES RADIANT ENERGY FOR DEPOSITION IN EACH CELL DURING THE
C HYDRODYNAMI1C COMPUTATIONS
C * SSCAL COM4PUTES FOR COORDINATE POINTS

C SSCALM COMPUTES FOR HALFSTEP POINTS AND INITIALIZES ENERGY IN
C N4EW ZOuNES
C

REAL MATL*MUNUMMUP,NEM,NFT
INTEGER H

C MISCELLANEOUS
COMM4ON CEFCKSDAVGOELTIM,#DOLD,0R40,DTMIN,OTNOTNHDuOX,EoI.O,F,
I FIRSTJJCYCSJINITJFIN,JSMAX,JSTARJTSLSUBIIZ) ,MAXPRIIDN,
2 NCVCS,NPERN,POLO,RLASTSLASTSMAXTFT IMETJTSULAST,U~kD,
3 XLASTENGWtXOLD

C EQUATION OF STATE - SOLID
COMM4ON COSQI6,61,CI(6,6) ,C?(6),ENELTI6,5),EQSTAIbIEQSTCI6I,
I. EQSTDI6),EQSTEI6),EQSTGI6IEQSTH~b),EQSTN(6AhEQSTSI6),MAT.I,96
2 MUI6R.RtHOI6htRHOS16ITENS&,31,YADI6 ,Y0161,JSNDI6I ,NPOR(6,21,
3 MMUMNNTRLS

C EQUATION OF STATE - POROUS

COMMON AKI6INUPI6htPORAI4,3),PORB(4,3) ,PORC(4,3),RHiOPI6,3Iv
IYADOPI4,1,DREFRHOPv9MP*NC

C RADIATION DEPOSITION
COMM1ON SS(300,S),SSTOPI5),STAkRTIS),SDUIRM,SSTOPMNSPECSSJJSS

C COORDINATE ARRAYS
COMMON X13001,C1300),CHLIIOOID(300IDNLI300,EHL 300),H1300,3),
I MNM300b9NET(300) ,P1300),PhLI 3001,RI 3001,S(100l,SHLI300hTI300),
2 U1300),UHLI300IYHLI300hZ1HLI300I

C

C 14NIO IO
C

IF ISPEC(SORM-. EQ.0.)RETURN

IF (IME.S*TNHGT.%STPM)RETURN

C ENERGY ADDITION AT COORDINATE POI&-S

~IF(TINE-STARYI~l*ITtNI-.5*DYNH-SST0P~i) 10,M20
12 SSCAL.SSCAL.5.SS(JS,I)*AMNtiAMINII.5*DNH,TMEf-fART II)),

ENR S NRYFR CALEPCLCLTIN

ENTRY SCALHENTRY
SSCAL-..
IF INSPFC .EQ.0) RETURN
IF IJS .GT. JSS) GO TO 50
IF ISOURM EIQ. 1.) RETURN
IF ITIME-DTNH-.S00TN .GT. SSTOPM) RETURN
00 4Z 1-.10

42 LlI).O
L I11.40

C ENERGY ADDITION IN ACTIVE ZONES - HALF STEP
DO' 4A t-I.NSPEC
IF IITINI-.5*DTNH-START(Il)*tTIME-DTW4-.5'DTN-SSTOPIII 46,40,46

hA SSCAL.SSCALSSIJS,I)eIAMINIISSTOP(II,TIME-.SODTNHI-
I AMAXIISTARTI),TINE-OTNN-.SDTNlI

,aS CONTINUE
GO TO ?O

C ENERGY ADDITION FOR NEW ZONES
so Jss s

DO 60 I.I,4SPEC
IF I'I~fE-.*OTH .LT. SIART1III GO TO 60
SS(AL.SSCAL+SSIJS,i)*IANINIISSTO#IOII,TIME-.iAOTNHI-STAR1II))

60 LONTINUF
1O IF II.5US161 .G[. mAXPRIAII 60 TO ?li

WRITE 114,50001 SSCAtvLllldIZ()----
LSU5I)-LSV8Ib1+I

S00n FORMAT ISX, (.HSSCA 1. .4t )H L-2131
END

FUNC-.TION SSCAL lromp~ee)
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SUBROUJTINE RELAXISC.ICONtYCLOSOCOTTPLX.CP0,COEF.VA.NJ.IV*
TflICTvlhSPI

C TbIS VERSION CONTAINS STRESS REL*X*1ICK PCOELS I ANO '.
OIMENSECN JKIZO)

ICOA-ICON S VNEh-YGLD $ L-0
101PAX0IZvlNSP)/2
IF (ICON.EQ.2)II

c IfIIAt CONOITICh CUIS101 CF ELASTIC ZONE
I I 1 S .0 TO (49211h
2 x)ovsEMP-0111YI

OKM.KKK4I
JKIKKK )'2
yNEb=thYCT.IYCLO-VACTI*1py.D S(COEFI*TVjC1.II.-KPY)O.S*(1l.#SIGNIl..
ICACIOSIGNI I.tSco))
YAG = INEWOYG1OI/2. S MAPI - SICIvDVCvsc0) SGO vC 5

4 VIA * SIGNINOijSOIC IS-CIST S

SKKKKKK*I

PKKKKK~ l

$0V -YSTAR # ICLC-YI/ RIOXF CoST*A -SI)/DG0f.xC)

9 IC - ESININioolsc/S-C)0 1 L-2

KKK-KKK4 )1
I[NK ) '

SO=1STAP4USDC-YSTA*IX~rCEFTRLXlhCT*I I.-)PC )sCCEFC*(I-ICI/OT
C C14ECK IF OEVIAT'A CROSSES CVER IIC (IHEP SIDE CF l(NE

IF (ABSISDI.GT.YNEb)Il,1c
t0 -... 2 S L*3 S CC 10O3
11 IF tSiGht ..SLI.EC.SZGhtI..SCC))30.I2
C RECALCULATE TIPE DURING blhI RELAXAIICA CCCLAS
12 TK ISO SICNh1NEbSOCI)IISO-SI6AI(tEWSCC))*ICT-TCI $L-4

JKIKKKJ-12

13 XfV'EIPf-TKiTV) S VNOLC.fNEh
VNbVC#Vfo-l~ XYAS(CFOVEOI.-XPYI
VAVG - (YftfW.rMGLC)12. 6 V51AR - 51GKhfAM.SD2 6 GC IC 2S

C N~b. CONSIDER INITIAL CCP.OITICt.S I3NSICE ELASTIC ZONE
to 50 = ,CC * CCEF

JIN KI )1
C CHECK IF DEVIATOR CS40SSES lONE 8EWNARY

IF fASSISDI.GT.YCLC)19o35

C CHANGE CONO!TICh VARIABLE AND PEC04CULATI CEVIA700 WOl RELAXATION
19 '151*1 - SIQNE'1CLC.SC) S L-! I lit- 5-VIlARM/S0-SCC)OCT

JKK)'19g~

GO TO 125*201IP

.JI(IKKK).0S rIA INIMD

'AVG - IVftfb*YACII/2. -SA IKIAf.D
25 ICCA - 2 - IfI-hSI0NI1. *sell

999SNK4I

SO ISWAA fCCfF*TMLXlOT*(I-()PI-lN/TAI0bI
30 (0 TO III, lebIN

RECALCULATE YIELD STPENGTH I C ACC(LNI FC6 !TRAIN PARCENINC
i if a1E ANINIIASS(S0o3,CLO4VAOSAS'ICRC)I

SUBROUTINE RELAX
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IF Ibf.VQ.AmlS(SOs 32935
32 iC~lk=2 S LsL.10

KK~oKKK,1

35 CORTE
NKKKK.I

49 CALL S5b1CII3,zSh~tj-
ONNSKKK4I

s0 1a 45094011S~hi#
so PRITE 100. M. j. L, IcOA. ICON, SOC, $0, YCLO, YthEw, CCEF

III FOST 119H PATI- IN PELAX 241 1
Lao FORNAT93Hg W-,Z3,3e j.,13,4 'Auf *12,6H CFsI.lI4gSC-1l11.4,44 TO *E11,42Xv$HVOa--vE .4,4t1 10 ofI1.,4.H COF.F.,E11.4)INC

SUBROUTINE RELAX voncluded)
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SUBOCUrINE aeHCOL~iSC.IC0NYNC1,SCCCTC,CCEI'EC.YAC,h.J.T1.T2

C THIS VERSlCh CONTAINS 9011- BANC AND GILPAh PELAXATICh PCOELS
C FOLL~bI4G TABLE GIVES COPPISPCEWCE CF CCPPCN. BANCRLX VAA144LES
C CCPPCk MS TSRII I () l?) (4) 151 161 REP NET
C IANC 2 TI T2 SEE VP GEE EPS MR NI
C GILNAN 3 CEE PlIt BEE VP shoC - Nol GAP
C NOTE. NEGk-NiliN VACOAOO, IKSP-%Sp
C MEN ANDO NET APE PCEILE ONE TOTAL CISLCCA71CKS
C CAN IS PLAS71C SMEAR STRAIN
C JK IS A PATh IkOICATCP

CIPENSIC. JK12O)
REAL RECNvINNMTNNICl1

ICCP - ICCh 6 VNOT&-INOT

It - hlI SNK - P S SC-SOC

L-0 S ENT=FLOATIP4IT) SIT-C
SIGIN - SIGKII.,SCCS
NFl ICON.EQ.2)IvlC

C INIIIAL CONDITIChl 1)5101 ELASTIC ZONE
I sO. ScO*COEF

KK1-K1141
JIIXKI'-)
If lAl34SD).GT.YNCT)*3

C CIEVIATOA LEAVES ELISTIC ZONE. CALCLLAIE RELAWAION

JIIKKKI*2
S - .5sIA8SISOC*C.f()-YNCT)
CELT - (SC-SIGNlfl.CTCOEFI)diSC-SOC)'OI
536)4W- SIGSIII.OCCIF)
114-r. SCC
60 TO 6C

C INITIAL COkCITION OUTSICE OF ELASTIC MOE
10 L-2

IT1lT4I 0SOI.SC*CClFIIZ.*fNTl
S-AISISCII-TNI 6 OELI-OliEN
IftS.LI.O.1LS9ll

C AVERAGE D*VIATOP REPAIRS OLISIDE ILASIIC IC16E. CALCUILATE PELAXATICh
It L-3

JIKK-11

13 IFIASSISO1.6T.VNTOIIIS.
14 L-

C DEVI1 T0c, AFFAIN4 COMIIDE ELASTIC IC&I PFTER PILAXATMN

IPIITEC.NI)63,10

It S-~-Q~fIeu '
f 3KI1111

C, WVIAVCOS REENTERS ELASTIC UChl. 81COLCIILATO REIARATION
14 3 - .$*(A4SiS01-VMSI) Sh3IM 31IIChCl.SCl

IF .1S1* .INT112

2 C Icc 44I

19 SO-SI.SUBROUTINE AIINII-II

Pl~ul249



E"K-ftKK*l

Go to 35
C DEVIATOR CROSSES CVEP TO COPCS1#( SICE Cf FLDIVI( lCNE. RECALCUCATE PELAXTM
21 If GE6i1,C.f.I4)& I( 3C

M$-4.*111 3./

60 RC-.08. IS. I *~

KK5-fKK l$
*S 0 0 19.1,71.60

IF 1-GGT2014

62 XCI-1 4 s#IT Go TG O.F 65AF(NC

63 POVaM)72"c

25 IC K11 ~ lll~l.~

I.. ,6../2 *&isPL *CL
GC 49C 4hI JC$INf N( F9*&N0P

10 P*ERORM AfAW TIN(C.)''1Tl'8t-$1 LP i P
S5SCff--IS P(1 2 6OM-E ~-ACh
jxut. (-?

2s~ I JfcKI?

32$ ICXWlI L ol

30 :0M IS lI.~-

74 P51W? AixsfSJ.CO*1,ICA0#.0.CC0,M(b,

MTO ttclt 90 10

94 I u I tp$ap * 4NQf

It( 49M M1

1$ 0 1C* lto e,5

SUBROUTINE SANLALI( .r'4



1314 - ...( 3,3kL . I.,M V . C15i

1W4 NOL.E.3)

IL" FCAPAT 4254P EA*kCf !h ekNiCL3,Ih!R L%- ! 5)
fmc

SUBROUTINE BANDRLX iconcluded)



SUBAOU71ME AUSCK IDDYYtTY oCk#EFXPXPMLNJ

90 9 A12

90 (IM-0
DYYVAO SIOR-I SYOR.V SCOEF. CCEFL $EMUsCY SSCAV-0. SMU-MUL
CCEFU-CCEFSIJUU/MU
IF1 I.LE.21 GO TO 3

OY.YAOFOYAC W, t'UL-JUU 6 COEF-(OEUl
KKK-KKK4 I
JLIXKKJ-0

3 SO.SCC*CCEF

JIKKK)-3
GO TO (1.,01.q1!I

5 IFIIPO.GE.1.E216,1I C DETERMINE EFFECTIVE $HEAR MCOLLUS AND 79ESS CF'iIATEP FGR 1I[TI1A~ LCACINC
i E1UMLIIYRC,-MLI(ees(SCC/YH*AC

KKK-eKKK I
JLIK9KI-1
SDAv.AKINI . SCC+CCEF'EPIL/Kt/l.)

C SIN OAOEdN Y 1 TI,

IL IF I(CO..fl,3O

2 $.~NIS(C..vAS0C) SS~IFY5)S CC T(C ) 30 -

KKK-KK. 1

JLIKK9h-20

to ML.IN4WYGxfRG-MI.(5OSI.5,.5IN.,A)cA/)*x

It I:f A9SSIS).G1.Y122.3O
2 2 V AINIIASISC1,V+(V*C-SI4YC)) 6 SG-SICC)4YoSG) 5 C 3

KKKKKK4l
JL(KKXI-19

JLINT I*,J(K,20MK
SOETUIF EOEUM

100 FORABISO I. NCNf .,Y12 .'I331J.I2
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SuBRflAI!Nf PUEPLOT(NIEXP. J(tNIPI
TIlS SUBRUUTIN' DIRECTS THE PLOTTING PROCUDURE
COMMON !DENT,N,NJEDIT,JEOITIAJ,XJEC( 1?
COMMON /PLOT/ IPLDT,IEPLOT(51, IOUM(I%1
CALL SECOND (BEG)
NTEX=NTEkP SIOENT=ICENTP
A- "E: ION L. SWAMAN S CHARGE"IOFH6136-? S XTFP06MX-3587
c; ZEROX
CKtL HEADER (ANAME.CHARGE,XJENI
IF (IFPLOTI).EC.O) GC TO I
CALL VP) OTSINTFXI
PRINT 20

1 READ (7) NNEIJCT )I16dJDI1116
h=M1NO(N-2, 1000)
IF (IFPLOT(2).EQ021 CO TO 2
CALL HISTORY SPRINT 21

2 IF ITFPLIJT1fl+IFPLUT4I.IPLOTI5).EC.01 L0I1%
CALL HUCDNIO S PRINT 22

5 CALL SECOONO (END) S Clr!!-I~TC %) t E PRINT 25, OUR
RETURN

20 FORVATG.14H IPLOIS CALLED)
21 FORMATIISH HISTORY CALLED)
22 FORMATi jN)H NUGONIO CALLED)
25 FORMAT 13lH TIME TO COMPLETE PLOTTING IS , F1O.3,8H SECONDIS?

END

MAIN PLOTTING SUBROUTINE: PUFPLOT (compiete)

2 5 :3



SUBROUTIN4E HISTORY
CI Hit ROUTINE PftODUCES STRESS VERSUS TIME MISTaftIEI FOR JEOITS AND MEEAE

COMM4ON IOENT,N.NJEDIT,JEOIT(4IX4E0169,S(1000,6),SIF 1000.3).
ITLAIELISI .SLADEL(3) ,TITLEI3I
COMM1ON /PLOT/ IPLOT,IFPLOTI6ILItETS.IOUM(I,$INGE9),IFLAG
DIMENSION~ T(IOOO1.SEQVIIOOO.91
EQUIVALENCE (S.SEOVI

-SM&X. SU4.O. A J7fl- I JlaQ I ORIG-O.
IF IIFLAGL(.OI IFS-1 IFLAGaIAE'IIFLAGI
DO 2 lI-sM
READ (7) (3(I(.I.2,,(IIJI4

If IlNG(JI.EG.OI GO TO 2
~SNA5ANA~tSNY~EQ1I, S s MN-AMINL(SMINPSEQVII. ))

2 CONTINUE
TMAMTINI STNIN-TUII SNARIWO SIILANKO0

C INDIVIDUAL HISTORIES PLOTTED
==na 130s212*TLASkL)

DO 30 J-I.9 tIN-i-b
--- AF iNGIJ).EO.O) 01TO1

IFIJ.' S.6I GO TO S

ENCODE 130.21.SLASEiI'

ENCODE E3Ou2I0oTITLE).4i&LNT
Go TO 9

a ENCODE (30,213,TITLE)EJED(iI.JDENT
M NODE (30.214,SLASELIJEDIT(JI
JT-JT.It S JAD-J-JT

I PRINT 240,(TITLEINI).MaI,3),TMINTMAXSMINSN4AX
CALL LlNSET(TM4AXTNINSMAXSMINTLASELSLASELTITLELINESI
IPEN-D
DO 10 lI1N
IFJAOSISEGV(1.411.GiT.IE-3*SMAMI IPEN-I
CALL LINPLT(T(II.SEOVEI,il.MARK, IPENI

CALL PENENO
30 CONTINUE

IF IIFLAG.LE.t) GO TO 90

ENCODE (3OZeikSLASELP
ENCODE (3O.ZISTITLE)IENT
PRINT 240, ITITLEIM),NI-I,301:!IN,TMAXSMJNSNAX

CALL LINSET (TMAX.TMIN.SNAMSMINTLASEL.SLASELTITLE.LINESI
CALL LIMPLT EOMIG,ORIGNARK.ISLANKI

DO 60 1.FA

IF liog.IFl.AGI GO TO 42
DO 35 10-1,5
IF IING(J.ID).NE.O) GO TO 42

-35 _CONTINUE $PRINT Z50.i S RETURN
42 M-L

DO 55 I-N
IFIK.EQ.0.AND.SII#il.LT.IE-3*SMAKIGO TO 55
Rat S IF(J.FQ.IFLAGI GO TO 4
IF IL.NE.M)1 GO TO 44

IF IStI,4WI1.GT.1E-3*SMAX)L-I
04 IF IIFS.EQ.Ii4S,44

44 IF ISfIIi).LT.I.OSSS(I,i.IOI) GO TO 56
48 IF II.IO.NI GO TO 56
54 CALL LINPtT (TII),SfI,il,MARK,IPEN)
59 CONTINUE S GO TO 60
54 CALL LINPL.T ET(LIS(LJ*ID),NARRISLAMKP
60 CONTINUE

CALL PENENO
90 RETURN
210 FORMAT hIHINTERFACE STRESS 11.814. IDENTa141
211 FORPAT(30N STRESS (KILOSAKS) I
212 FORMATIION TIME (NICROSECONDSI
213 FORMAT (IITUWTORY, X-F?.4,614 Cp. 10.1*)
214, FORMATI1SNSTRESS IN CELL .11,12H4 IKILOSARSI 1
215 FOIMATIZ26 HISTORIES AT JEDITS I0 -9141
240 FORMAT 1714 PLOT-",3AIO,4N T-.FS.40 4H TO ,F8.4.4N S-.FS.4,4N TO

'p9.4,
250 FORMAT (24H4 CORSIMED PLOT ERROR, Ja.II1

END

PLOTTING SUBROUTINE: HISTORY (complete)
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SUBROUTINE HUGONIC
C TIIIS Rf!UTIIIE PRODUCES GRAPHS OF STRESS. RESULTANT STRESS. AND DEVIATOlLCC STRESS VERSUS SPECIFIC VOLUME

COMMON IDENT.N.NJEDIT,JEDITI6) ,AJEDI6) ,S( 1000.6) .VIL 100.3),ISLABEL(31,VLASEL(31,TITLE(3,VAX(3),VIN(),vPMAI4
3 VMI 4 13 I

COMPCN iPLOri IPLOT,IFPLOT(6).1jJNESPIDUMIj3)
DIMENSION VP(100013
0O L 1-1,N

I READ 16) (V(I.j.J 1*3),lVP(lJ).J-I,31
MARK=0 S L~'1

"NCODE (30,210,VLAOIFL;

Do 5 5,

p12 CONTINUE

ENCODE (T3.E,.A8) CCEDTOI30

IF(JG1312.NO GO TO 1 0

t PIN 240, IITFTL *21,)MNJVA)SM.,#W
CAL LIN =E ( M X J . M . . M X S ' N, L B L S BL T E L N S

OC-2 J-3 N

00 12 I1104 PNM~~II1k

16 CPLOT Ll ;NLTSI~( Sa.)MRP
20 CL 20ENEND

GO TO (214,2,2) k
30 IFOD (IFPLtIPSLABEO) TC' IJ s G T U
C2 READ RESULTANT2SLARES FROM J TAGPE 2
3 ENCDE1 (SIIJbI,S6BE) JOT

IFJ.)GO TO I T

CAL IFILOT(VMX.EQ.OISMXSPIVAEL$A5L GO TO 50E
C 0 ISA DEIATOI$ STRESS FRIOM LTAP

12 CEADL LIt) II,JJSfI,JI) ,PN &'r O2

CD O 10 z# PN-IO J11
50 RELLUPNEN

GOO FOA (30@4,0 LPCFCVLM C3~A3

21 REARES AN (9RSTRESS FROMS TAPE8NIRA
L-3 FOMA 00HTRS 32 IAOR J'I38I IBAS

240 IFORATfN O T ,3A10.4H1 GO8~,4 TO 50..M .94HT

PLTTN SUBOUTNE (H)NI ffcomplete)6

COTf1
so RETUR



.L- 115 ROUJT1MEr fROUCLS SVPE5S VERSUS DIS'ANCE GRAPHS FUR DESIRED 110115S
COM4MON WOENT, xI3O0. IS:.SI lO0.z51,ALASEI 31 .YLABEL( 33,T1!TLE( 3).
INPfIIS.XJSt'b
COMMON /PLOT, IPLOI,I[PLOTESILINESIT.NT.IFLAGIOUVNloI
hr. MINO(NV,153 SLT.P1NON'EX.ITtNT-1I : c.-0
MARK-U S IPEN=I S iSLANX(=0 A IFS-U t SMAaSMI-O.
If ::rt*.ir.oi llfS-I A IFLAGWIABS(IFLAG)

C INDIVIDUAL TEOCTS PLOTTED
,CODE 130.Zil,XLASEL)
DO 100 t.1,NTEK
READ (7) :.TED.NCTIME.NPtS *NPTS1-NPTS.1
IF(I T.LE.NTEO.ANO.NTE.If.L 1110,90

1.O IG-IG41 S NPY(1G)=NPtS
DO 13 1Pr1.NPTS
READ IT) XIIP.IGI1.SIIP.IGI,R
IF IIP.EG.11 11,12

LI XNINxXEIPI1G) S SNAX.SMINtS(IP.IGI
IFIIG.EC.1I KMINI=KMI'! S Go to 13

SMAX-AMAKIISMAM.S(IP.IG,)I S Mtt$.ISIWP
13 CONTINUE

ENCODE f30.210,TIILE)I,TIME,IOENT
ENCODE (30,2I2,SLASELINC
SPA=AMAII SPA.SMAKI S SPI-AMIqII SPI.SPINI
PRINT 240.CTITLE(M).MZL3)XINXAXSMI,SMA
CALL I INSET IXMAX.XPIN.SMA,SNI.KLASFL,SLASIEL .HTLE,LIMES)
CALL LINPL'IX(1,IGI .SSI.IGI,MARKIBLANK)
DO 15 IPZ2,NPTS

15 CALL LINPLY IX(IP,IG)SIP1G.MARK,IPENI
READ 17) NM.IZJTIEMI.W-.6D
IF IMf.Lt.O1 GO TO SO
DO TO P16.1.m S XE=EJS4J4)
CALL L.INPLT(JCSp1,PARKs1LANKI
SINCR-tSMA-51411f75. S SB-SN!
00 TO 111-1,75 S IN4K.NO(IN,2I 11 SM SB.$INCR

70 CALL LIMPLY ES.Se,*'AK, INK)
10a CALL REMNDN S GO IU 100
90 00 91 IP-I.NPTSI
si NtAI) III
100 CONTINUE

IFIIFLAG.LE.II ro0 TO 150
C SEVERAL TEDITS P-OTTED ON ONE GRAPH

If (LG.LT.2) CO TO 145
IGPLCT-MINOI IFLAGICI
1SEGa I

105 WNCOE IO,220,1TLfIISEG.IGPLOT,iDENT
ENCODE I 0,221,SLASELI
PRINT 240. ITITLEEPIMfl.3,33MIN,ENAX,SM!.SNA
CALL LINSETI TNAA.EM!N1.NASNIXILASELSLASEoLtLE.LINESI
CALL LINPITIXI 1.1 1.54 1.1PARK, ISLANK)

00 130 L-ISEG,GPLOT
NP-WRY I
00 120 :P'NP.NP
If IIFS.EQ.II 120,115

115 If ILP.NE.MP.OR.L.EC.IGIGO To 1I7n
IF ISIIP.LhtT..9*$M4A.AND.SIIPL.I.GI. 4 IIPL)*I.O5 I E-PI

120 CALL LIPPT IKIIPvLI.S(IFL.MARK.IPENI
IFEL.EC.IGI oct TO 130
CALL LINPLY IXILP.L.1 ).SELP.L+lI).MAAK, ISLANKI

130 C'jjjpjNjf
CALL PENENO
IF WIGULOT .GE. IG-11 GO TO 150
IUEG-ICPt.OT+I I IG;PLOT.IGPLCT.MNtOI ILAG. IG-IGPI OTI
GO TO 105

149 POINT 1*0
ISO af TURN
144 FORMAT 47)"4 ONLY ONE TEOIT GRAPHIC)1
210 FORMAT ISTGTIHf., I USECS I0-14I
II1 FORMAT (30N POSITION IC(OMIMETEDSI I
232 FORMAT (I5HSTRFSS At 1Y(LC.!4.I1Y4 IKILOSANSi
220 FORMAT ION4 TEDITS I2,.4 TMIU 12.5*4. IOENTf-IOI
221 FORMAT (ION STIS IKILOOARSI I
Z40 FORMAT I'M PLOT--.JAIO,4N K-.FG.4#4" 10 .F6.4#4H ;-.Fq.4M4N TO

1F9.4)
ENDo

PLOTTING SUBROUTINE: TPLOTS (complete)



APPENDIX II

QUASI-STATIC AND ACOUSTIC DATA

1. lIntr(.luction

As a n adjunct to the dynamic measurements, a series of quasi-static

acoustic measurements were made to assist in characterizing the metals

studied. The purposes of these tests were to determine:

" the quasi-static moduli and yield strength,

* the vcriation of quasi-static properties with qpccimen thickness,

" the difference in quasi-static properties measured parallel and
transverse to the direction of rolling,

" the effect of testing speed on the quasi-static properties, and

" the effect of the sign of the loading (tension or compression)
on the properties.

For these purposes an extensive test program was laid out for the five

alloys under study. The scope of the quasi-static .experiments is-.

partially indicated by the listing of specimens in Tables 13 and 14.

Both tensile and compression tests were performed. Some compression tests

were conducted on all three directions (parallel and transverse to rolling,

and thickness) of the material. Tensile tests were conducted over a wide

range of thicknesses and at three testing rates for one thickness.

2. Test Descriptions

a. Tensile Tests

The tensile tests were conducted on the usual dog-bone-shaped test

specintens instrumented with either strain gages or an extensometer. Two

sets of tests "ere performed: one series at several thicknesses but a

coij'-tant Lesting speed of 0.05 in./in./min. and a second series at a

single thickness but three testing speeds (0.5, 0.05, and 0.005 in./in./min).

The second series was instrumented with both longitudinal and transverse

strain gages so that Poisson's ratio could be determined,

The t,,si. m ,re gonerally conducted with a continuous recording of

lo-(n and defl..tion so that Young's modulus, the yield strength, ultimate

strength, and breaking strength could be determined.

257



Table 13

ALUMINUM: NUMBERS OF SPECIMENS TESTED

Alloy I Thickness Compression Tensile

(in.') P * Tr t '  Th P, Trt

6061-T6 1/16 2 2

1/8 2 2 2

3/16 2 2

1/4 3 3 2 (9) (9)

3/8 2 2

1/2 2 2 4 2 2

3/4 1 1

-1/4 1 3 2 1

2024-T8 1/16 2 2

3/32 2 2

1/8 2 2(9) 2(9)

3/16 2 2

1/4 3 2 2

3/8 2 2

2/? 2 3 2 2

3/4 1 1

1-1/4 1 1 4 1 1

Parenthetical numbers refer to tests conducted at three testing spceds.

Other tests were conducted at a single speed.

I'ur .lel to rolling.
Tr,1ansverse to rolling.

S"rhickness direction.
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Tarble 14

TIIANII1.: NUMBERS OF SPECIMENS TESTED

Alloy Thicknest. Compression Ttnsile
(n.) P * Tr Th * P *

Type 50A

1/8 I1 (3) (3)

3/16 1 1 1
3/8 1 1 , 2 1 3.

1W 1 3 1 1

3 1 1 4 1 .1

Ti-6Al-4V 1/16 1 1

1/8 4 (3) (3)

1/4 1 4 . 1

3/4 1 . .3 1 1

1-1/8 1 1 .4 1 1

f'i-l13Cr-iV-3A1 1/16 1 1

1/8 4 (3) (3)

1/4 1 1 :3 - 1 1

3/4 1 1 3 1

1-1/8 1 1 4 1 1

Parenthetical numbers refer to tests conducted at three testing speeds.
Other tests were conducted at a single speed.

Parallel to rolling.

tTransverse to rolling.

Thickness direction.
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b. Coinpression TFests

The compression tests were conducted on dog-bone-shinpeai specimens

similar to those for tension tests and tt the rate of 0.05 in./In./min.

The thick portions at the .onds of the specimens were provided to give

lateral support to prevent buckling. The spoecimens %vere instrumented

either with an extensometer or a pair of longitudinal strain gages.

The tests were eonducted until buckling occurred or until the

capacity or the macehine was reached. :It is believed that all the exhibited

yield data reyresent yielding of the .matcrial and not premature buckling.

c. Thickness Compression

Specimens about 1 inch thick were -mantfactured for (ietermiliflg

properties in the thickness direction., The specimens were formed 1w

stacking together a number of 1 inch squarc roupeis from each sheet of

material. Strain was measured with an extensometer recording the ov' rall

compression of the specimen. These specimens wvere loided at, 0.05 in./in./

min.

The load-deflection curves show, an initial -soft portion as the

c.lupons comprising tfie specimen are being brought Into contact, -then a

strnight elastic region, and finally yielding.. iPost-*yield bohavior wxas

not interpreted for these tests.

di. Acoustic Tests

Dilatational and shear velocities were measured on 1 inch square

coupons from each of the materials. The tests were performed for the

thickness direction on all specimen thicknesses, and in .,ll three directions

on specimens over 1 inch thick.

3. Ielmits of' Quasi-Stratic Tests

A total r-; 234 static tests was conducted on specimens of the three

titanium ,ndi two vluminum alloys to chaqracterize the materials. Average

magn itlifdes Of the elanstic properti es determined from the test program are

istfe.I in 'Fabivs I., arnd 16, and the results of the parameter studies ire

given in Tables ;7 ,ind 18. For the titanii11; th~ere was considerable

v.'? i ii itv imcng results fron samples of different th icknes.-;*:.:; the(
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Table 15

TITANIUM DATA FROM STATIC TESTS (AVERAGE VALUES)

Young's P11s6lic Yield Ultimate Poisson's
Modulus* Modulust Strength Strength, Ratio

kbor kbor kbar kbar
Alloy (psi x I03) (psi x i03) (psi x 10) (psi x 10 )

Type 50A 1070 66 3.5 4.1 0.26
(15,500) (960) (50) (65)

Ti-6A]- JV 1210 7 9.5 9.6 0.29
(17,500) (100) (138) (139)

Ti-13Cr-IIV-3AI 1040 6 9.3 9.4 0.27

(15,100) (80) (135) (136)

Coefficient of variation (standard deviation/mean value) about 2 percent for
samples of a single thickness.

tSlope of line from yield point to lpercent strain. Highly variable; negative

values were obtained from alloy Ti-13Cr-1lV-3Al in many tests.

*An offset of 0.2 percent.

§Obtained from peak of stress-strain curve before decrease to breakirg.
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Table 16

ALUMINUM DATA FROM STATIC TESTS (AVERAGE VALUES)

YounL Plastic t Yield Ultimate Poisson's
Modulus * Modulus Strength Strength' Ratio

kbar kbar kbar kbir

Alloy (psi x 103) (psi x 103) (psi x 10) (psi x 10")

6061-T6 710 103 2.8 3.1 0.32

(10,300) (1490) (40.7) (45.1)

2024-T8 745 32 4.4 4.9 0.33

(10,800) (460) (63.6) (7.0)

* Coefficient of variation about 1 percent for specimens of a single

thickness.

t Average slope of stress-strain curve from yield to 1 percent strain.

0.2 perzent offset; coefficient of variation up to 1.6 percent for one

thickness and direction of rolling, up to 6 percent for all thicknesses.

Coefficient of variation of n 7 I3rcent or less for one thickness and

direction of rolling, 3 percent or less for all thicknesses.
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coefficients of variation (standard deviation/mean value) of the yield strength

Y and ultimate strength U were usually about 5 percent and in some cases 10

percent. This difference is attributed to real variations among specimens,

despite the special are taken in acquiring material of controlled quality.

The aluminum exhibited a coefficient of variation of 1 to 2 percent for

tests at a single thickness and 3 to 6 percent for tests at all thicknesses.

4. Elastic Constants from A-oustic Velocity Measurements

Acoustic velocity measurements were made with samples of the aluminum

and titanium materials to determine the elastic constants of the raterials

at nominally zero stress levels. The tests were conducted by transmitting

longitudinal (compressional) and shear pulses through thin specimens and

measuring the transit times. These transit times were then used to

compute Young's modulus E and Poisson's ratio V for each material.

TLie equations used to determine the elastic constants are the usual

ones for linearly elastic, hoirogeneous, isotropic materials. The samples

did not qualify is isotropic because their properties were different in

the three principal directions: parallel to rolling, transverse to rolling,

and in th thickness direction. These differences were small however, and
were neglected in the aralysis. This neglect Is testament to the assumption

that wave propagation in one direction is but slightly affected by aniso-

tropy In the ether two directions. With the assumption of isotropy we

can compute longitudinal and shear acoustic velocities CL and CS from

the travel times of the waves through the samples. These sound velocities

are related to the elastic constants as follows:

CL E (106)

L
S 2(1 + V) (107)

Wvere p is the material density. Equations (106) and (107) can be

solved for E and V , obtaining
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(C L S Y 2
V - (108)

2(%,/CS - 2
VS

E 2(1 + V) C (109)

E = (1 - 2) (1 + 11) (10)(i - ) -Q

The measured acoustic velocities and the elastic constants derived

therefrom are exhibited in Table 19 for the five alloys tested.

The elastic constants calculated from the sound velocities are not

directly proportional to these velocities but are related in a complex

manner to the square of the velocities. Because of this complicated

relationship, it is not obvious how the uncertainties in the measured

velocities contribute to uncertainties in the elastic c:onstants. The

following analysis represents an attempt to define the uncertainties in

those constants, based on estimated uncertainties in the measured

velocities.

The probability distributions for the longitudinal and shear wave

velocities were assumed to be normal for convenience in the analysis and

for lack of a better ass'imption. The probability density functions for

all the variables aie certainly continuous functionL. For simplicity

in the analysis, however, we approximated distributions of the velocities

by a small number of points with equal probability. The points were

selected so that the means and standard deviations of the discrete and

continuous distributions were equal. Selected points were obtained by

dividing the continuous distribution into 10 intervals of equal proba- 1

bility, that is, with equal areas under the probability distribution

curve. With this formulation we obtained 10 discrete, equally probable

values for each of the two wave velocities. We can combine these to

form 100 equally probable values for each of the elastic constants.E

and V. The resulting values of E and V form discrete approximatior :- to
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the desired continuous distributions. Ca,-ulations were made using

n-ninal values for C and C
L S

The coefficients of variation (standard deviation divided by mean

value) of CL and CS were asL. 'med to be 1 and ' percent respectively. The

resulting coefficients of variation for E and V are given in Table 20.

The "ean values of both the elastic cosL~auAs coincide with those computedI: from the mean values of CL and C S  The coefficients of variation are

somewhat largez than those for either C or C In general, we can
L S'

probably obtain E and V with somewhat less precision than we can obtain

either of the sound velocities.

Tab] e 20

ILLUSTRATTON OF VARIABILITY OF ELASTIC CONSTANTS

DERIVED FROM ACOW~TIC MEASUREMENTS

Coefficient
of Variation

Measurement* Mean (%)

C (mm/$&ec) 6.0 1

C (mm/jsec) 3.0 2

E (kbar) 720 3.14

l 0.333 2.811

• C and C are arbitri..y; density was taken as 3 glcm 3.

L S

t Coefficient of variation - ate-lard deviation/mean.

Assumed.

Computed.
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5. Titanium Properties Tests by the Manufacturer

The manufacturer, 71tanium Metals -.orporation of Aprica, supplied

a list of test data for eachi thickness of the titanium alloys. Chemical

analyses showed about 0.11 percent 0 for all three types and 0.02 percent2

N in Ti-13Cr-1lV-3A1 titanium and 0.01 percent N in the other two types. The

tensile t-t values supplied are shown in Tables 21, ?2, and 23. For ther Type 50A (pure alpha) titanium, three samples of each thickness were

tested and all values reported in Table 19. The variation of yield

among the three samples at each thickness was studied. The coefficient

of variation (standard deviation/mean value) at each thickness varied

from 5 to 12". There was a clear trend toward decreasing yield strength

with increasing thickness; average yield values varied from 54,000 psi

down to 47,000 psi.

Only average strengths from several tests were reported for Ti-GAl-4V

and Ti-l3Cr-lIV-3A1 titanium. However, these were differentiated hy

direction of rolling. For the Ti-6A1-4V alloy, the yield strength was

co 'stently 3000 to 4000 psi higher when tested transverse to the

direction of rolling than for parallel to rolling. There wa. a clear

trend of decreasing strength with increasing thickness. The Ti-13Cr-llV-

3AI alloy was also stronger in the transverse direction than parallel to

the rolling direction. The yield data of this alloy varied considerably

from sheet to sheet so that no trend of strength variation with thickness

could be established.

Table 21

MANUFACTURER'S DATA FOR TYPE 5OA TITANIUM

Thickness Yield Strength Ultimate Strength Elongation

(in.) (psi x 10 ) (psi x 10a)  M

0.0625 56.0, 40.8, 57.3 70.6, 68.7, 71.6 28.0, 26.5. 28.0

0.125 49.9, 48.1, 58,1 66.4, 65.8, 60.8 27.0, 27.0, 29.0
0.1875 47.6, 60.7 72.8, 74.5 26.5, 27.0

0.375 46.5, 44.3, 50.3 68.5, 67.2, 70.2 32.5, 31.0, 34.0

0.750 44.5, 40.8, 49.1 65.0, 63.8, 66.4 36.0, 35.0, 37.')

1.0 46.5, 42.9, 52.3 68.0, 65.5, 69.6 54.5, b3.0, 56.5

Average 49.7 68.0 34.6
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Table 22

MANUFACTURER'S DATA FOR Ti-6A1-4V TITANIUM

Thickness Yield Strength Ultimate Strength Elongation
Parallel ITransverse* Parallel ITransverse Parallel 'Transverse*

(in.) (psi x 103 ) (pni x i03 ) (c)

V 7 I
0.0625 134.7 137.7 141.5 14C.0 14.0 12.0

0.125 132.5 144.7 136.6 145.7 15.0 15.0

0.250 133.7 138.0 139.1 142.6 16.0 14.5

0.750 126.8 130.9 134.3 137.4 15.0 15.5

1.]25 121.9 126.1 129.3 131.9 13.5 16.5

Average 129.9 135.5 136.2 140.7 14.7 14.7

Parallel and transverse refer to the direction of rolling.

Table 23

MANUFACTURER'S DATA FOR TI-13Cr-IlV-3A1 TITANIUM

Thicknese Yield Strength Ultimate Strength Elongation

Parallel |Transverse Parallel ITransverse* Parallel ITrainsverae

(in.) (psi x 10 3) (psi x 103 ) (U)

0.625 126.5 135.7 131.7 138.8 20.0 14.5

0.125 129.8 132.2 135.2 137.7 21.0 17.5

0.250 130.6 137.8 141.1 146.9 24.0 12.0

0.750 126.8 132.0 131.8 139.6 24.0 16.5

1.125 125.3 129.5 132.3 136.6 18.5 13.5

Average 127.8 133.4 134.4 139.9 21.5 14.8

Parallel and transverse refer to the direction of rolling.
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6. Discussion of quasi-Static and Acoustic Results

The elastic properties of aluminum devel~ped from the quasi-static

tests agree with those from the acoustic tests to within I or 2 percent.

A similar comparison for the titanium alloys shows that the values of

Young's modulus agree within 3 percent for the Ti-6A1-4V and Ti-l3Cr-l1V-3A1

alloys but that the acoustic modulus is 10 percent high for type 50A. This

difference may indicate that the modulus decreases gradually with loading

instead o f -i¢Pding a cOnomtt qd taltS ip c t ,e yield pointa The value

of Poisson's ratio derived from the acoustic tests are up to 20 percent

higher than those derived from the quasi-static tests: this disagreement

has not been explained.

A comparison of the manufacturer's test results and our data shows

that there is good agreement for yield and ultimate strength for type 50A

titanium. Our values for yield strength are about 3 percent higher for the

Ti-6A1-4V and Ti-13Cr-lIV-3A alloys but the two sets of v:.lues for ulti-

matc strength agree very well.

Our yield .trength data on Ti-6A1-IV are about 25 percent below those

of Maiden and Green (Ref.8) for thte same ange of str.in rate. This difference

suggests thal there were important differences in the imetals tested b) the

two organizations, although both sets had the sam, no, 'nal composition' da

wvzre fully annealed. The increase in the yield strength was about 3 per,ent

pcir decade of strain rate according to the results of both organlzationi.

Our results for 6061-TE agree with those of Maiden and Green (Ref.8)

in exhibiting a yield streng,h of 41,000 psi and no str- rate A ect.

4 . The quasi-static measirements have shown that the aluminum alloys

are not strain-rate-dependent in the range of testing ipleds used. The

titanium alloys sho% a rate-dependence of strength- This rate effect

-ould lead ,o a variatoii of the Hugonlot elastic limit In shock experi-

ments. The noted sample-to-sample variability In propQ.rtes strongly
0" suggests that any" test series should be coriductp-J on mater-ial of a single
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I1. ABSTRACT (Distribution Limitation Statement No. 2)

A new experimental technique was developed for determining loading and unloading stress
volume paths directly from gage measurements; theoretical models were formulated for
stress relaxation and the Bauschinger effect; Hugoniot information was generated from
impact experiments on aluminum alloys, titanium alloys, and a woven quartz-phenolic;
and the new experimental technique and Bauschinger calculations were applied to the
aluminum al.oys. The new experimental technique provides for measurement of complete
loading and unloading paths rather than the discrete Hugoniot or release points previ-
ously obtained. The technique is applicable to the examination of nonsteady-state,
nonisentropic flow, yield point phenomena, strain-hardening, the Bauschinger effect,
and strain-rate (or stress-relaxation) effects. The technique is based on the entire
stress or particle-velocity records obtained from a series of gages embedded in a
specimen. Four stress relaxation models were implemented in the SRI PUFF wave propaga-
tion code, and computations were made to obtain representative results. The Bauschinge
model implemented in the SRI PUFF code exhibits the smooth unloading adiabat and high
rarefactlon velocity observed in our experiments on 6061-T6 and 2024-T8 aluminum alloysi

Experiments w:'th TI-50A, Ti-6A1-4V, and Ti-13Cr-11V-3A1 titanium served to map Hugonioti
from 15 to 750 kbar, indicate Hugoniot elastic limits, and show an alpha.tomega phase
transformation at 50 kbar. Preliminary experiments on a three-dimensional woven quartz
phenolic resulted in Hugoniot data from 10 to 200 kbar and indicated a shock-wave
structure that is very different from that observed in homogeneous solids..
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